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Introduction

Gasification of coals to produce high-Btu gases is receiving ex-
tensive attentions. Catalysis at gasification stage is investigated
by several workers(1l), but the catalytic processes, especially the
interaction between coal and catalyst, are not well understood. 1In
the preceding report from this laboratory, it was shown that some of
the transition metals catalyze the hydrogasification of active carbons
and that methane was formed in two or three stages. When Ni was used,
the first stage reaction occurred at a temperature region around 550°C
and the second one above 800°C. It would be interesting if the low
temperature reaction can be incorporated in a coal conversion process.
In this presentation, a study to clarify the nature of the reactions
is described, putting emphasis on the behavior of Ni.

Experimentals

Two types of activated carbon were used; one in a granular form
(AC-G) and the other a powder(AC-P). They were impregnated with a Ni
salt, normally Ni(NOS) if not stated otherwise, from aqueous solu-
tion. Gasification wag conducted mainly in a thermobalance and the
specimen, 0.1-0.5 g, was heated in an atmospheric flow of hydrogen at
a constant heating rate(denoted as HR) up to 1000°C and the amount of
methane formed was analyzed by a gas chromatograph. Gasification at
elevated pressures were done in a fixed bed reactor. In this case,
the temperature was raised to 900°C in 80 min and kept for 1 hr.

The dispersion of Ni on carbon surface was examined using X-ray
diffraction, scanning electron microscope and a magnetic measurement.
In the last one, the magnetization of the specimen was measured in
hydrogen atmosphere by Faraday method using a permanent magnet. The
apparant magnetic susceptibility given below,?Y),, is supposed to be
proportional to the magnitude of magnetization®at a constant field.

Results
Types of reactions concerned
A typical methane formation profile is illustrated in Fig. 1. Of

the two active regions, the lower one between 400 and 700°C is refer-
red to as R-1 and the other, the higher one above 800°C, as R-2. 1In
the results given below, conversion to methane is denoted by X.
Features of R-1 reaction

[1] Temperature dependence. One of the marked character of R-1 is
its transient nature, i.e., the specimen lost its activity when heat-
ed above 650°C whether the heating accompanied gasification or not,
but a re-impregnation of Ni to the deactivated specimen restored the
reactivity(Table 1). Even when the temperature was kept within the
active region, the rate decreased rather rapidly, as shown by one of
the broken lines, A, in Fig. 1, as if a limited portion of carbon
could be gasified.

[2} Pressure dependence. R-1 had a negative dependence on the hydro-
gen pressure above 1 atm(Fig. 2).

[3] Dependence on Ni content. Fig. 3 shows that X(R-1) is small up
to 2 % of Ni for AC-P and beyond this limit, the conversion increases
steeply with Ni content. For another carbon, similar patterns were
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observed, but the extent of Ni content within which the activity was
insignificant depended on surface state of carbon. For example, a
nitric acid treatment of AC-G(in 13.5 N acid at 20°C for 3 hr) in-

creased the amount of inactive Ni to 4 % when this was 1.5 % for un-

treated specimen(AC-G). The concentrations of surface acidic sites
titrated with NaOH were 52 and 9 mmol/100g for treated and untreated
carbon, respectively. This suggest that the inactive Ni atoms are
trapped at active sites.

[4] Effect of Ni salts. Table 2 shows a comparison of Ni salts used
as Ni source. NiSCOS(OH) from aqueous ammonia solution and Ni(NO )2
were active for R<1, wheréas NiCl, was almost inactive under normaf
conditions. Interestingly, X(R—l} of NiCl,-impregnated specimen
varied with the condition to reduce the salt. The activity increased
by a prolonged reduction at lower temperatures(Table 3). These re-
sults can be understood by a variation in the dispersion of Ni.
Features of R-2 reaction

[1T Dependence on temperature and pressure. R-2 is an ordinal reac-
tion in that it proceeds at nearly constant rate at a constant temper-
ature though the rate increased somewhat at the initial period and
decreased gradually with the carbon burn-off and that the rate varied
reversibly with temperature. R-2 had a positive order with respect
to hydrogen pressure(Fig. 2).

[2] Dependence on Ni content. In contrast to R-1, X(R-2) increased
with Ni content at first but leveled-off soon, as shown in Fig. 3.

[3] Effect of Ni salt and the surface state of carbon. R-2 had no
preference to the species of Ni salt to be impregnated(Table 2).
Also, the surface treatment of carbon had negligible effect on X(R-2).
Dispersion of Ni on carbon surface

[I] X-ray diffraction. The breadth of (111) diffraction of Ni showed
a trend that the smaller the average crystallite size, the larger
the X(R-1), and that growth of Ni crystallites occurred after R-2
took place(Table 2), but this method is insensitive to the smaller
part of crystallite and is inappropriate to follow the changes during
R-1.

[2] Microscopic observation. From observations by a SEM, slight
change in the distribution of Ni was noted after the completion of
R-1. Upon heating to R-2 region, vigible Ni particles appeared on
the whole surface(Fig. 4).

{3] Magnetic measurement. Fig. 5 demonstrates typical changes in

at the initial and the final stage of R-1. The turns at 70-200°C
wds ascribed to the adsorption of hydrogen at lower temperatures.
The figure indicates that Ni in unreacted specimen is in a superpara-
magnetic state(3),which was converted into a ferromagnetic state by
heating. The X at 100°C from descending curve or its extrapolation
was used as a mEasure of the dispersion of Ni and is given as X° in
Table 4, together with the activity in R-1. The conversion into a
ferromagnetic state occurred even without gasification reaction. If
a plot is made from Table 4, it can be shown that the remaining ac-
tivity of specimens preheated to various degree is nearly proportion-
al to the change in X° by further heating. In another experiment, a
specimen was heated repeatedly to the predetermined temperature which
was raised in succession and the weight and X were measured at room
temperature(Fig. 6). Both of these changed cgncurrently at the same
temperature regions. The X_ decreased during or after R-2, which
seems to suggest a change in the bonding state of Ni, probably due to
the dissolution of carbon or some component of ash concentrated on
carbon surface.
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Discussions

From the results given above, it can be concluded that the deac-
tivation by heating above the R-1 region is due to a change in the
dispersion of Ni, i.e., an aggregation to a larger particles. Fig. 6
and Table 4 seem to suggest that the catalytic action is related to
the migration of Ni atoms and smaller particles on carbon surface.
The migration itself is, perhaps, a thermal motion, not associated
with the gasification reaction. The dependence of R-1 activity on
Ni content indicates that those atoms strongly held at active sites
are immobile and are inactive for R-1. Ni particles continue to
grow during R-2, but this seems to be caused by the disappearance of
the substrate.

Two types of possible mechanism of catalytic gasification are
frequently discussed: (A) hydrogen dissociates on the catalyst surface
and spills over to carbon surface, and (B) catalyst modifies the C-C
bonds to enhance the reactivity. The present results are insuffi-
cient to draw a conclusion about the mechanism, but it seems impro-
bable that (A) type action is working in R-1, as this has negative
dependence on hydrogen pressure. For R-2, on the other hand,

(A) type action can account the pressure dependence as well as the
insensitiveness to Ni content and to the state of dispersion, although
other possible explanations may exist. The decrease in xa at R-2
region need further study and it is not clear at present whether this
change has any correlation with the gasification reaction.
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Table 1 Activities in R-1%*

Specimen X(R-1)
Unreacted 30.2 %
Reacted once 0.7
Re-impregnated 27.7
Preheated in He*¥* 3.1

* AC-P, 5 % Ni, HR=5°C/min.
*¥* at 600°C for 2 hr.

Table 2 Comparison of Ni salts*

Crystallite size after

Salt Ni content X{(R-1) X(R-2) reduction R-1 R-2
Ni(NOg), 4.3 % 5.8% 7.05% 35 R 40 A 260 A
NiCl, 4.1 0.8 6.4 200 200 230
NiBr, 4.3 0.9 5.4 200 - 490
NifCO5(OH) ,** 4.1 6.3 4.8 260 300 320
(CH;C00) Ni** 3.9 1.2 6.8 165 - 190

* AC-G, HR=2.3°C/min.
** Impregnated from aqueous ammonia solution.
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Table 3 Effect of reduction temperature

Conditions X(R-1) Crystallite size
240°C, 5 hr 1.2 % - R
257°C, 14.7 hr 2.7 125
263°C, 8 hr 1.1 135
284°C, 3 hr 0.8 140
const. rise** 0.9 200

*

% HR=2.3°C/min.

Table 4 X° and R-1 reactivity*

AC-G impregnated with NiCl2 (4.1 % Ni).

Ni content Treatment** X ° X{R-1)
1% 300°C, 2 hr 3.2 esu/g Ni 1.2 %
1 450°C, 2 hr 3.7 0.5
1 600°C, 2 hr 5.5 0.1
5 300°C, 2 hr 2.3 30.2
5 450°C, 0 hr 3.9 25.2
5 450°C, 2 hr 4.2 24.0
5 600°C, 2 hr 8.0 0.7
5 600°C, 2 hr in He 8.9 3.1
* AC-P, HR=5°C/min.
** Tn hydrogen except for the last line.
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Fig. 1 Methane formation profile (AC-G)
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(b) Heated to 670°C.
X=5.1 %

(c) Heated to 1000°C. (d) Kept at 1000°C for 25 min.
X=11.4 % X=18.9 %

Fig. 4 Photographs of an AC-G specimen with 7 % Ni(as an average

for a batch of the specimen), heated repeatedly in hydrogen
HR=5°C/min.
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INTRODUCTION

In previous papers (1,2), it has been reported that coals pretreated with
liquid ammonia can be gasified more easily than untreated coals, especially when
they are impregnated with nickel catalysts. The effectiveness of nickel catalyst
varies with such parameters as the method of nickel loading, the kind of nickel
salt, the condition of reduction of salt to metallic state, and others. According
to circumstances, nickel does not necessarily act as effective catalyst. In order
to obtain a higher catalytic activity, it is essential to understand how a nickel
particle catalyzes the gasification reaction. Some particles may be active, and
others may be less active. We then have to find the way of nickel loading to
produce only such active particles. Thus, we can maximize the catalytic activity
of nickel for coal gasification. The microscopic observation is known to be one
of the most useful tool for understanding the behavior of metal catalyst on carbon
gasification (3,4,5). Scanning electron microscope (SEM) studies on catalytic
coal gasification have been made by several groups of workers in recent years (6,
7). These studies have dealt almost exclusively with the static state of catal-
yst. We wish to report here dynamic behaviors of catalyst on coal gasification
observed by the SEM coupled with the energy dispersive analysis of X-rays (EDAX).

This technique would be useful in the following aspects. The movement of
nickel particles can be monitored by examining the specimens before and after
gasification. The relationship between the catalytic activity and the size or
shape of nickel particle can be checked. A semi-quantitative analysis is possible
with respects to the presence of mineral matter and its catalytic activity on the
gasification. The interaction of nickel with other elements can be examined. The
sulfur poisoning of nickel catalyst is the most important interaction among all.
The present method, however, has some limitations in addition to the dangers
implicit in the use of microscopy, which Thomas called as the twin evils of elec-
ticism and tendentiousness (3). The first limitation is that we did not observe
the change of coal surface at reaction conditions , but at room temperature. Some
changes might occur during the cooling stage. The second one is the neglect of
possible catalytic activities of fine particles of diameter less than 100 nm. In
spite of these limitations, we believe that this technique may give useful infor-
mations about the catalytic behavior of nickel particles.

EXPERIMENTAL

Coal samples used in this study were the same as in the earlier work (2).
Ammonia treatment was carried out at 373 K and 10 MPa for 1 hr. About 1 wt% of
nickel was impregnated on coal from an aqueous solution of hexaamminenickel(II)
carbonate. Details on these pretreatments and analyses of coals were reported
elsewhere (8). We would like to use the abbreviations for coal samples with
different pretreatments; UN for raw coal, UC for raw coal with nickel catalyst,
and TC for ammonia treated coal with nickel catalyst. The same nomenclatures are
also uvsed for the chars therefrom. For the SEM observations, five coal particles
of 1 - 2 mm in size were mounted on a cylindrical graphite holder which is fit for
the SEM equipment. Graphite paste was used to adhere the coal particles to the
holder.



Figure 1 illustrates the reactor assembly. Two graphite sample holders were
put on a rectangle quartz dish with a size of 20 by 40 mm. The dish can be moved
horizontally by a quartz tube with a hook. In this quartz tube, a thermocouple
was inserted to monitor the reaction temperature. The temperature difference
between the tip of this thermocouple and the coal sample was less than 5 K. The
furnace temperature was controlled by another thermocouple. For steam generation,
a small evaporator with an electric heating wire was utilized. It evaporates
water fed from a microfeeder at a constant rate. Exposed parts of tubings were
also wound with a heating wire In order to prevent a steam condensation.

Coal samples on a graphite holder were examined under an SEM, a Hitachi-
Akashi MSM 4C-101, to which an EDAX, a Horiba EMAX-1500, was attached. Then, the
holder was put on a quartz dish and placed in the reactor. The initial position
of the dish was outside of the furnace. After an evacuation of the system,
nitrogen gas was introduced at the flow rate of 200 cm®(STP)/min. When the
furnace temperature reached 773 K, the quartz dish was pushed into the center of
the furnace. It was pulled out after the devolatilization for 1 hr. Samples were
then carefully examined by SEM and EDAX. The graphite holder were returned to the
quartz dish in the reactor. The evacuation of the system was followed by the
introduction of nitrogen and reacting gas. In case of steam gasification, the
flow rate of nitrogen was kept at 40 cm®(STP)/min and the flow rate of steam was
150 cma(STP)/min. When the temperature and the gas flow rate became stationary,
the quartz dish was pushed in. After the required time of gasification, the coal
sample was pulled out to be examined. Similar procedures were repeated for sev-
eral times to follow the morphlogical changes at the same sights on char surface.
In case of hydrogasification, the flow rate of hydrogen was 200 cm® (STP) /min.

Some photographs were taken for coal samples gasified in the thermobalance reported
earlier (2).

The conversion of coal at each stage was determined in a different series of
experiments. Coal particles of about 200 mg were placed on a quartz dish without
graphite holders. The devolatilization and gasification were carried out under
the same reaction conditions as before. At the end of each stage, the weight was
measured and the conversion was calculated on a dry ash free basis.

RESULTS AND DISCUSSIONS

We would like to mention first about the result of observation on coals with-
out any heat treatment. Figure 2 shows the surface of Shin-Yubari coal cut by a
microtome in order to check whether the nickel salt peneirated into the inside of
particle. Three points should be noted here. First, the ammonia treated coal has
cracks of varilous widths, whereas the untreated coal has no cracks. We present
here only one particle for each, but this tendency was quite general onme. The
crack formation was particularly remarkable for lower rank coals. Second, the
presence of nickel salt was recognized either on the external surface as in (b) or
along the cracks as in (d). In these two photographs, the concentration of nickel
was analyzed along the upper stright line, and it was shown as a notched linme.
These facts indicate that the nickel salt on a UC sample exists mainly on the
external surface, whereas that on a TC sample exists not only on the external
surface but also in the inside of coal particle. Third, there were many ellipsoi-
dal holes of a diameter of about 10 um on the cut surface. Flakes with a thick-
ness of 1 um were made during the course of cutting by a microtome, and it was
also examined on SEM. We found that the flake consisted of many granular parti-
cles supported on a thin film. These particles might come out from the holes men-
tioned above. It can therefore be presumed that these holes are made because of
the heterogeneity of coal in mechanical strength. Similar holes were observed
for all other types of coal.



Table 1. Successive Gasification of Leopold Coal

Temperature Reaction . Conversion (%, daf)
Stage Gas (X) Time (hr) N uc TC
1 N, 773 1.0 26 25 23
2 H,0 1023 0.5 37 37 37
3 y H0 1023 0.5 40 41 42
4 H,0 1023 0.5 42 45 47
5 H,0 1073 0.5 49 55 56
6 H;0 1073 1.0 60 67 71

As an example of catalytic coal gasification, we present here the result on
steam gasification of Leopold coal. The heat treatment procedures and the con-
version on a dry ash free basis are summarized in Table I. The conversion was in
accordance with that obtained earlier in a thermobalance (2). Figure 3 shows a
typical behavior of nickel catalysts during steam gasification. At the first
stage, where the coal was devolatilized in nitrogen, most nickel exist as flakes.
Some granular nickel particles are seen in Figure 3(a). An X~ray diffraction
analysis revealed that the state of nickel at this stage was already metallic.
The dispersion of nickel is not homogeneous, and the accumulation of nickel along
cracks is observed. A lesser amount of nickel is found on the flat surface at
the upper left side of the photograph. At the second stage, most of flakes have
changed to particles. The size of particle seems to be around a few microns so
far as judging from Figure 3(b). However, in fact, each particle consists of a
number of much smaller particles which are bundled in a wooly substance. In the
upper left corner, many nickel particles appeared and they catalyzed the gasifi-
cation around them, resulting in the formation of holes. Most of these particles
disappeared in their own holes at the third stage (c¢). At the fifth stage (d),
the surface becomes rough and rough. The nickel particles start to agglomerate.
The ditch becomes wide. EDAX examined the nickel and sulfur concentration for
the whole field of view in this series. It can be said that the nickel content
decreased at the third stage perhaps due to the submersion of particles into
holes. The sulfur content also decreased at this stage. The mechanism whereby
this occurs is unclear. One possible explanation may be the desulfurization by
an excess amount of steam and/or hydrogen. Figure 4 shows somewhat less common
example. At the devolatilization stage, fine particles with diameters of less
than 0.1 ym gather to form a long, narrow strip. Fine cracks were observed on
and near this strip. Some of them were perpendicular to the strip. After the
gasification for 0.5 hr, a deep ditch appeared where fine particles had existed.
Comparing with the depth of holes dug by an ordinal spherical particle shown on a
flat surface, we may presume that the fine particle is much more active as a gas~
ification catalyst. After the second stage, the gasification reaction proceeds
in a similar manner as shown in Figure 3. 1In some cases, needle crystals con-
taining nickel and a considerable amount of sulfur were observed after devolatil-
ization. These were not so active.

Low magnification photographs of Leopold-UC coal and the first stage char are
shown in Figure 5. A cubic particle swells upon devolatilization. The degree of
swelling can be estimated by measuring the size of particle before and after the
heat treatment. Usually, TC samples do not swell and some of UC samples swell as
this particle does. Most of UN coal particles swell to some extent ( FSI is 1% ).
Such suppression effect on caking property by the present pretreatment has been
found for a variety of coals. Almost no nickel particles were observed on the
hemispherical portion of char in Figure 5(b), which had bubbled out from the in-
gide of coal. 1In order to check the uncatalyzed gasification rate, the change in
this portion was followed throughout the series of steam gasification shown in

227



Table I. Practically no change was observed. Ash particles containing iron
catalyzed the gasification, although the effect as catalyst was much smaller than
that of nickel. Other ash particles containing aluminum, silicon, potassium, or
calcium were found to be catalytically inactive.

Figure 6 shows two examples of the fate of nickel catalyst. Both samples
are Leopold TC char gasified in steam at 1123 K for 2 hr. The conversion was 92
%. The first photograph indicates the accumulation of nickel and ash on the ex-
ternal surface of char particle at such a high conversion. Spot analyses by EDAX
revealed the composition of ash as follows: A, nickel; B, nickel and sulfur; C,
nickel; D and E; aluminum, silicon, nickel, iron and sulfur; F, iron; G, little
sulfur, which means the main element is carbon. The blackish part which can be
seen through the cleavage of ash layer is nearly pure carbon. The contact of
this carbonaceous portion with nickel catalysts seems to be poor. The ash layer
may be a resistance for gas diffusion. These facts imply the difficulty of cat-
alyst utilization at high conversion. The second photograph shows the interior
of Leopold char. This surface was exposed by cutting a char particle by a razor
blade. The inside of char is very porous. In these macropores, few nickel par-
ticles were recognized. In accord with the observation in Figure 2, some nickel
particles were found in the inside of TC char, but none in the inside of UC char.
Anyhow, the amount was quite small compared with that present on the external
surface. All other chars from different coals also have similar macropores. The
amount of nickel in these macropores are also limitted. In order to utilize
nickel catalyst efficaciously, we should make all possible efforts to impregnate
nickel salt not only on the external surface but also in the inside of coal par-
ticle.

Figure 7 exhibits some reactions of nickel with other elements in coal. A
somewhat peculiar form of nickel is shown in the first photograph which was taken
from Zollverein TC char. The intensity of EDAX tells us that a stick-shaped part
is made from iron with a small amount of mnickel, and that a ball-shaped part is
made from nearly an equal amount of nickel and iron. The slender the stick, the
larger the ratio of iron to nickel. The bigger the ball, the larger the nickel
content. We think these are some compound resulted from the reaction of nickel
and 1lron, although an X-ray diffraction study of char could not identify it.
There 1s no evidence so far that they catalyze the gasification reaction. The
reaction with sulfur is more important in connection with the catalyst poisoning
(7). Sulfur exists all over the coal particle, and this reaction was observed
quite frequently in case of steam gasification. As 1is shown in the line profiles
of nickel and sulfur in Figure 7(b), some nickel particles contain a considerable
amount of sulfur, while the others do not. The concentration of sulfur is not
homogeneous even in a single particle. The catalytic activity of nickel does not
seem to have a strong dependence on the sulfur content. We can find many nickel
particles which is still active in spite of the contamination with sulfur. In
the case of hydrogasification at 1273 K, the sulfur on nickel was quickly taken
away as hydrogen sulfide. Essentially no sulfur remained after a few stages of
hydrogasification.

CONCLUSIONS

A nickel catalyzed gasification of coal has been investigated by means of
SEM and EDAX. We followed the movement of catalyst by observing the fixed sight
before and after gasification. The most important finding is that nickel parti-
cles do not exist in the interior of coal particle so far as the present method
of impregnation is utilized. Nickel particles on the external surface are found
to be very active as catalysts. In other words, true reaction rate for catalytic
gasification is much greater than non-catalytic reaction rate. If we can only
find an appropreate method of impregnation to put nickel salt into the inside of




coal, the catalytic effect would be significantly improved. The next important
result is the fact that the catalytic activity of nickel varies with the form of
nickel particle. Very fine particle, for example, are much more active than the
others. Thus, the second subject that we should challenge is to find an impreg-
nation method which can disperse most nickel in the form of such very fine parti-
cles. ’
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COAL LIQUIDS HYDROGASIFICATION: EXPERIMENTS AND MECHANISM
H. N. Woebcke, P. E. Koppel, and P. S. Virk
Stone & Webster Engineering Corporation, P.0. Box 2325, Boston, MA 02107

Experimental data are presented for the hydrogasification of coal-derived liquids at
conditions of temperature, pressure and residence time respectively 1200-1700F, 740-1500
psig, and 10-120 s, with hydrogen-to-substrate ratios from 0.8 to 2.0 times stochiomet-
ric. The coal liquids originated from hydroliquefaction of Pennsylvania and Wyoming
coals; both full range 300-1200F and low boiling 400-650F fractions were employed, all
samples being characterized by elemental analysis and NMR spectroscopy. Hydrogasifica-
tion was performed in a packed tubular flow reactor with sequential effluent quenching
and analysis by GCMS to yield information on products from Cl(methane) to Cl4(phenanth-
rene). Theoretically, it was postulated that the hydrogasification mechanism involves
two steps, namely (i) hydrodealkylation of substituted alkyl-aromatics to their nude
polynuclear aromatic parent plus gas and (ii) fragmentation of the unsubstituted poly-
nuclear aromatics to progressively smaller aromatic molecules and further gas. The
theory predicts that the kinetics of both steps should be governed by the delocalization
energy of the aromatic nuclei involved; at the conditions of the present experiments,
step (i) should be appreciably faster than step (ii). The experimental data for gas,
benzene and naphthalene yields were well rationalized by the theory. Further, the pre-
sent theoretical framework can be applied to infer hydrogasification behavior of any
aromatic feedstock from its NMR analysis, using the aromaticity and ring-breakdowns pro-
vided by the latter.

233



METHOD FOR REACTIVATION OF A CATALYST USED IN STEAM REFORMING
OF HYDROCARBONS

J.Kimoto,K.Yamauchi, M.Morimoto,M.Yamada and F.Noguchi

Research Center, Osaka Gas Co., Ltd., 6-19-9 Torishima
Konohana-ku Osaka 554, Japan

1. Introduction

Osaka Gas Company,Ltd. has been bringing in LNG, a clean
fuel, from overseas since late 1972. With the necessity of the
fact that our company smoothly converts its system from manufactu-
red gas to natural gas distribution,the establishment of SNG(Subs-
titute Natural Gas) production technology is essential if any
possibility of a short supply of LNG is taken into account.

We have already developed the MRG(Methane Rich Gas) process,
a low temperature steam reforming process, jointly with Japan
Gasoline Company(JGC). Although this process, a SNG process using
LPG or Naphtha with a nickel type reforming catalyst, is of good
efficiency, it is considered that a SNG process with a better
reforming catalyst can be expected to be of higher efficiency.
As the result of extensive investigation, we have recently
succeeded in developing a new steam reforming catalyst completely
different from conventional catalysts. This catalyst,SN-108, has
many excellent characteristics as compared with conventional steam
reforming catalysts. In particular, it is a great advantage that
this catalyst can be reactivated perfectly by the newly developed
method.

It is our intention to explain pricipally about the character-
istics of SN-108 and the method for reactivation.

2. Catalyst

The conventional catalysts used in low temperature steam refor-
ming of hydrocarbons are usually nickel type.

On the other hand, SN-108 has a P-~Alumina oxide core impregnated
with active metal which is not nickel.
The characteristics of SN-108 are as follows.

(1) High activity and long life.

(2) Resistance to the deposition of carbonaceous materials.

(3) Operable in the low temperature range and with a low steam
to carbon ratio,such as 1.5 and 0.7 respectively at 1lst and
2nd stage of two stages reactors.

(4) Handling: is simple and no hydrogen reduction is reguired.

In addition to these characteristics,SN-108 can be completely
reactivated by the specified method which we have recently develop=
ed. Furthermore, it has been found that SN-108 has a good performa-
nce in gasifying heavier distilates such as kerosene,gas 0il,V>G.O.
etc.

SN-108 has already been used for three winter seasons in a

commercial plant of a daily output of 200,000 Nm® /day to reform
straight run naphtha having an end point 180°C (Test Naphtha) and
also subjecting to reactivation during this period.
In these operations,the characteristics of SN-108 has been comfir-
med. Fig.l shows the catalyst deterioration with passing of time
in the third operation. The reaction conditions are as follows.

steam / carbon ratio : 1.5

reaction pressure and temperature : 12 Kg/cmt G, 490°C
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3. Reactivation

3.1 Method of reactivation

Typical conventional procedures for reactivation are treatments
with hydrogen, steam or oxigen,which are mainly effective for the
elimination of carbonaceous materials deposited on the catalysts.
Our new reactivation system consists of two stages of chemical
treatment essentially different from conventional ones. It is
particularily noted that the combination of two chemical treatments
is essential for the parformance of reactivation.

The system cycle may be repeated depending on the extent of cataly-
tic activity deterioration. Even if the catalytic activity deteri-
orates completely after being used, it is recovered to the state

of flesh catalyst by 6 to 8 treatments.

Fig.2 shows the general process flow.
3.2 Effect of reactivation
1. Sample
The sample to be reactivated is the catalyst which had been
used in a commercial plant for 4300 hours to reform Test Naphtha
with steam and whose activity deteriorated completely.
2. Catalytic activity
Fig.3 shows the temperature profiles of steam reforming react-
ion using Test Naphtha. It can be found that the catalytic
activity is recovered depending on the number of treatment.

3. Catalytic properties

Table 1 shows the typical catalytic properties of fresh
catalyst,used catalyst and reactivated catalyst.

Table 1. Typical property of tha catalyst
‘ sample reactivated
i property fresh cat. used cat. cat. @
| | carbon content
0 (wt%) 0.2 6.0 3.0
r? sulfur content
3 (wt%) 0.00 0.09 0.00
Srelative active
metal content 1 1 1
crush strength
3. (kg) 20 7.3 7.0
-ﬁ surface area
H (m? /g) 140 90 95
0] pore volume
(cc/g) 0.46 0.38 0.383
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4, Chemical state of active metal

Fig.4 shows XPS spectra of the three kinds of catalysts.
It became clear that the active metal consists of three kinds of
chemical state,the relative ratios of three states change after
being used and the chemical state of used catalyst is recovered to
the almost same state of fresh catalyst by reactivation.

3.3 Mechanism of reactivation

In general,catalytic steam reforming reactions of hydrocarbons
result in deposition of various materials such as carbonaceous and
sulfurous materials on the catalyst. In addition,these reactions
often result in a sintering of active metal particles causing
their mutual cohesion,whereby the size of active metal particles
enlarged and the dispersibility consequently lowered. Further,the
physical or chemical constitution and behaviour of active metal
may be gradually changed during the catalytic reactions. From the
results in Table 1,it became clear that carbonaceous and sul-
furous materials on the catalyst were eliminated by reactivation.
Especially sulfurous materials was removed completely.
Moreover, the observations by transparent electron-microscope gave
the fact that there existed some sintered active metal particles
on the catalyst after being used which disappeared after reacti-
vation. Furthermore,as indicated in Fig.4,active metal of used
catalyst was recovered to the chemical state of active metal of
fresh catalyst. Consequently it may be concluded from these facts
that our reactivation method is effective for the reduction or
elimination of all of these adverse factors.

It may be noted,as stated in section 3.1,that conventional
reactivation treatment with hydrogen,steam or oxigen is effective
for the removal of carbonaceous material deposited on the
catalysts,but not for the elimination of sulfurous materials and
the recovery of chemical constitution of active metal.

We have already found that conventional reactivation method has
completely no effect on the recovery of the catalytic activity

of SN-108 and furthermore our reactivation method is not effective
for the recovery of the activity of conventional nickel type
catalysts.

We have developed the new catalyst,SN-108,for low temperature
steam reforming of hydrocarbons which has various excellent
characteristics as compared with conventional nickel type catalysts.
In particular,SN-108 is operable with a extremely low steam to
carbon ratio,which enables SNG process with the catalyst to be of
much higher efficiency. Furthermore,we have developed the new
reactivation method for SN-108 essentially different from conventi-
onal methods and succeeded in commercializing this method.

We believe that the process with SN-108 can make the great many
of advantages in the field of steam reforming of hydrocarbons.

In Japan where stringent environmental protection regulations
are being enforced,there has been a trend og using lighter fuel
oil and it is considered inevitable that there will be greater
surplus hereafter of residual oil. With this background,we will
continue to investigate the catalytic activity and the react-
ivation method for SN-108 with residual oil.
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Fluidized Bed Combustion of Residual 0Oils
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INTRODUCTION

Shortage of crude 0il plus the lack of progress in the develop-
ment of stack gas clean up systems have sparked interest in processes
that generate electric power by the fluidized bed combustion of
residual o0il and coal with high sulfur and nitrogen content. Many
development works on the fluidized bed combustion of fossil fuels
have been carried out by various organizations in U.S.A. and other
countries. In all of these works, dolomite or limestone has been
used as a bed material because these substances have ability to
absorb H2S or SO2 released during combustion. Furthermore, reduced
NOx emission can be achieved by the lower operating temperature in
fluidized bed combustion than conventional combustors(l,2).

The authors have investigated the combustion of various residual
oils in the fluidized bed of a dolomite at 700"~ 1000°C and atmospher-
ic pressure. By use of the dolomite, heavy residual oils of low
reactivity such as an Arabian Light vacuum residue could be burnt
with combustion efficiency higher than 98% above 850°C. It was also
shown that the dolomite was effective to reduce the concentration of
SOx and H2S in flue gases to very low levels at temperatures below
900°C. The purpose of the present work was to investigate catalytic
reduction of NOx (mostly fuel NOx) by ammonia using a fluidized bed
of the dolomite loading various kinds of metal oxide.

EXPERIMENTAL

Figure 1 shows a schematic diagram of the fluidized bed combus-
tion system. The combustor was made of 50 mm ¢i.d. SUS 27 stainless
steel tube and its bed depth was 400 mm. Stainless steel beads (3 mm
¢) were packed at the conical-bottom of the combustor as bed support
and gas distributor. Feed o0il (Arabian Light vacuum residue) was
introduced at the bottom of the fluidized bed through an atomizer
from a microfeeder. To prevent coke plugging in the feed pipe, the
atomizer was cooled by circulating a coolant. The bed material was
first heated externally to a desired temperature in a stream of air
and then the residual oil was fed. After combustion started, exter-
nal heating was cut off. To remove the heat evolved, water was cir-
culated in a coil of 6 mm¢®o.d. SUS 27 stainless steel tube which was
immersed in the fluidized bed. After a certain period of combustion,
ammonia was admitted to the combustion system at the upper level of
fluidized bed from a cylinder which contained 5% ammonia in nitrogen.

After the condensation of steam in an ice-trap, the flue gas
passed through a solution of 3% hydrogen peroxide to absorb SOx and
through a solution of ammine complex of zinc to absorb H2S. The S0x
in the solution was titrated by barium acetate using Arsenazo I as
an indicator. The H2S concentration in the solution was determined
by I2 titration using sodium thiosulfate. The flue gases were peri-
odically sampled to determine their compositions. The NOx concentra-
tions were measured as nitrous ions by means of photometric analyzer
using naphthyl ethylene diamine. Compositions of gaseous products,
methane, carbon monoxide and dioxide were determined by means of gas
chromatography.
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Dolomite from Kuzuo (Tochigi Prefecture) was used after calcined
at 700°C (CaCOs*Mg0). Its composition (wt%) was as follows: Ca0
65.4, Mg0 33.4, Si02 0.8, Al20s 0.3, and Fe,0; 0.1. The dolomite was
impregnated with an aqueous solution of Fe, Co, Cu, or Cr nitrate.
These were finally calcined at 900°C prior to reaction,

RESULTS AND DISCUSSION

Table I shows the catalytic activity of some typical bed materi-
als for the reduction of NOx emitted during combustion of the residu-
al oil. The concentration of added NH; (1050 ppm) was calculated
from the volume of flue gases (wet basis) and feed rates of ammonia,
Combustion was carried out at the optimum operating conditions for
the dolomite: bed temperature, 850°C; excess air, 20%; residence
time, 0.57 sec. The concentrations of NOx in the absence of ammonia
were almost independent of the kind of bed materials (near 320 ppm).
The NOx concentrations decreased on addition of NH; to the combustion
system. As shown in Table I, Fe,0;-dolomite was the most active
among the bed materials tested.

Table I. Catalytic Activity of Some Bed Materials for
the Reduction of NOx by NH,

. Fe,0;- Cu0- Cr,0,- CoO-
Dolomite Dolomite Dolomite Dolomite Dolomite
C(a) 328 305 313 348 303
C(b) 246 149 184 246 192
X (%) 25.0 51.1 41.2 29.3 36.6

C(a) and C(b) are the concentrations of NOx in flue gases in the
absence and presence (1050 ppm) of ammonia, respectively. And X is
% reduction of NOx defined by [C(a)-C(b)]x100/C(a). The content of
metal oxides was 10 wt%.

Figure 2 shows the effect of bed temperature on the reduction of
NOx by ammonia in the fluidized bed combustion using Fe; O3;-dolomite
containing 7.5 wt% of Fe,0;. When NH; was absent, the NOx emission
increased with increasing bed temperature. The NOx emission, how-
ever, decreased in the temperature range of 700~ 950°C in the combus-
tion with NH; added. The catalytic reduction of NOx by NHs was en-

h a o kahk1 + 1 4
hanced rcmarkably as the bed temperature increased. At 950°C, the

NOx concentration was reduced from 337 to 116 ppm by the catalytic
reduction with NHj;.

Excess air was found to be a critical factor for the catalytic
reduction of NOx on the Fe,0;-dolomite. With stoichiometric amount
of air, the NOx concentration was not reduced by the addition of NHj;.
However, the NOx concentration decreased with increasing amount of
excess air and it was leveled off at about 10% excess air.

Figure 3 shows the effect of NH; concentration on the NOx emis-
sion. The NOx concentration decreased with increasing concentration
of added NH;. The lowest NOx emission of 57 ppm was attained when
2000 ppm NH; was added at 850°C, 10% excess air and 0.61 sec resi-
dence time.

Figure 4 shows that combustion efficiency was also improved by
loading Fe203 on the dolomite in the range of combustion temperature
from 700 to 950°C. Here combustion efficiency was defined as per-
cent carbon in the 0il converted to carbon dioxide. Combustion effi-
ciency increased with increasing bed temperature and reached 100% at
950°C on both bed materials. The Fe,0;-dolomite was more effective
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for combustion at lower temperatures than the dolomite. Combustion

efficiency also increased with increasing excess air and it exceeded
99% at 10% excess air without formation of carbon monoxide and meth-
ane.

Figure 5 shows the effect of bed temperature on the emission of
SOx and H:S during combustion in the fluidized bed of the Fe203-
dolomite, The results on the dolomite fluidizing were also shown in
Figure 5. Concentrations of (SOx + H2S) in flue gases were as low as
10 ppm in the temperature range of 700 ~900°C but they increased
abruptly as the bed temperature further increased as described by
Moss (3) and Roberts (4). The mode in variation of (SOx + H,S) emis-
sion with bed temperature in the Fe:03-dolomite and the dolomite bed
were similar. This suggests that the sulfur removing efficacy of the
Fe,0;3;-dolomite is completely due to the dolomite.

CONCLUSION

The concentration of NOx emitted during the combustion of the
vacuum residual oil was reduced when NH; was added to the fluidized
bed of Fe,03-dolomite. Furthermore, combustion efficiency higher
than 99% was attained above 800°C. Simultaneously concentrations of
(SOx + H2S) in the flue gases were kept at very low level by the
action of dolomite which might absorb SOx and H:S. The optimum oper-
ating conditions for the Fe203;~dolomite fluidized bed were deter-
mined as follows: bed temperature, 850°C; excess air, 10%; residence
time, 0.61 sec. Under these conditions, the concentrations of (SOx +
H28) and NOx were as low as 10 ppm and 57 ppm, respectively.

REFERENCES
(1) Nack, H., Kiang, K.D., Liu, K.T., Murthy, K.S., Smithson, G.R.,
and Oxley, J.H., Int. Fluid. Conf.(U.S.A.) 2, 339 (1976).
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(4) Roberts, A.G., Stantan, J.E., Wilkins D.M., Beacham, B., and
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CHEMISTRY OF COAL ASH MELTING IN GASIFICATION AND COMBUSTION

Karl S. Vorres

Institute of Gas Technology
3424 South State Street
Chicago, IL 60616

INTRODUCTTION

Coal deposits occur in a number of localities within the United States. The
mineral matter in the coal varies with the location but is usually made up of
quartz, pyrite, clay, shale and smaller amounts of other materials. The rela-
tive amounts of the mineral matter in the parent coal will vary from one
reglon to another and within reglons, as well as individual coal seams.

During combustion or gasification, the mineral matter will contact other types
of mineral matter resulting in a coal ash of different properties than the
parent mineral species.

Our reliance on coal for production of energy via combustion or synthetic fuels
will necessitate the ability to operate under a wide range of conditions. The
boilers that generate electric power are in some cases designed to reject coal
ash in the form of a molten slag. Some gasifiers are intended to operate with
a continuous flow of molten ash from the gasifier to a collection zone. Con-
tinuing reliable operation of this equipment requires the ability to sustain

an ash viscosity within a range to permit the ready removal of the ash material.

The determination of viscosity of the ash from coal is an expensive and time-
consuming operation. A number of efforts have been made to correlate this
property with the chemical composition. Different types of correlation have
been suggested for use with coal ash of different ranges of compositions. It
15 desirable to have some understanding of the chemistry of the interactions
that occur within the melt in order to more fully understand the melting be-
havior of this material and to make effective predictions of that behavior
from the chemical composition.

ASH CATION PROPERTIES

The species that make up a coal ash after it has been in the reactor are usually
metal oxides. This discussion assumes the coal ash materials are, or have been,
converted to oxides. In a general way the behavior of the different ions can
be viewed as the result of the important properties of charge and size that

the positive ions or cations possess.

One of the more important properties is that of the size or radius. A listing
of cation radii is given below for the important metal ion species in coal ash.

st 0.42 ret? 0.74
at 0.51 Na*! 0.94
Fet3 0.64 cat? 0.99
Mgt? 0.67 K 1.33
ot 0.68
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These cation radil according to Ahrens (1) are given in angstrom units, A (10 8

cm). The largest ion 1s roughly three times the size of the smallest.

A number of correlations of behavior have been made with the base-to-acid ratio
of the oxide mixtures. The acids have been defined as oxides of Si, Al, and Ti.
The bases have been identified as the oxides of Fe, Ca, Mg, Na, and K. The
listing of radil does not readily divide the group into acids and bases. Iron
is listed twice because 1t can occur in melts in two oxidation states.

In melts and other liquid solutions there is a tendency for the smaller more
highly charged positive lons to draw the larger negatively charged ions into

a complex ion. For coal ash this complex could have a general formula, MO, (™",
where x oxide ions are coordinated around an M ion and the overall negative
charge 1s n units. The coordination number, x, is determined primarily by

the ratio of the radii of the M and O ions. The value of 1.40 angstroms was
assigned to the oxide ion. A coordination number of 4 1s observed for Si and
Al. The coordination number of 6 is observed for the rest of the ions except
K which has the number of 8 in these systems. In some cases Al may also be
found with a coordination number of ‘6.

The other property of importance’'in the coal ash cations is that of charge.

The charge affects the relative capacity to attract the negative ions to the
cation. The capacity is also affected by the size of the ion. The ilonic
potential, defined as the ratio of cation oxidation state or valence to the
ionic radius, gives a measure of the ability of the cation to attract the anionm.
A high ionic potential indicates an ability to compete effectively with other
ions of lower ionic potential for a limited supply of oppositely charged ions.
The values of the ionic potentials calculated from the ionic radii given earlier
are listed below.

sitt 9.5 Fe*? 2.7
a3 5.9 cat? 2.0
et 5.9 Natl 1.1
Fe'> 4.7 ' 0.75
wgt? 3.0

Examination of these values quickly indicates that the highest values belong to
the acid group of Si, Al, and Ti, while the lower values are associated with
the bases. This grouping and the physical interpretation of the ionic poten-
tial lead to the suggestion that this parameter is a physical characteristic
which can be useful in quantifying acid and base behavior. To the extent

that this is true, then this parameter should also be useful in further efforts
to correlate coal ash chemical compositions with melting, viscosity and other
properties associated with ash deposition in the process.

The ionic potential is an indication of a cation's capacity to form a complex

ion such as 5107%. This capacity may be limited by the availability of oxide
ions as in coal ‘ash systems. In the compound 5i0; each Si is expected to have
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four oxide ions around it. This can only be accomplished if oxygen ions are
shared between different Si ions. This tetrahedral coordination occurs both
in the solid and liquid state and requires sharing of oxide ions in all cases.
The sharing of oxide ions leads to the formation of polymeric aggregates in
the liquid state. Individual angular $i0; groups may join in chains, sheets,
or other arrangements. These groupings require additional oxide ions for
termination of the polymer. Oxides of ions of lower ionic potential than Si
can provide these oxide ions. The groupings will terminate more frequently
and the average polymer or aggregate size would decrease as more oxide lons
became available. Al ions occur in many mineral species with Si and are able
to take the place of Si in the polymeric groupings. In a similar fashion it
is expected that they would be able to participate in the polymer formation
in the melt. Alkali metal oxides could most readily supply oxide ions since
they have the lowest ionic potentials. The alkali cations would find positions
between the polymeric chains or other groupings involving Si and Al. At
equilibrium, complexes will be formed due to attractive forces and disrupted
by thermal energy. A population of complexes of various sizes would be ex-
pected for a given composition. The larger the aggregates, especially chain
types, the greater the number of opportunities for interaction between them
and to increase the viscosity.

The effectiveness of the addition of other cations to reduce the viscosity for
reliable slag formation depends on the rate of mixing of the additives, the
dissociation of the cations and oxide ions and the diffusion of these ilons into
the melt. These steps are typlcally much slower than the acid-base reaction

in water solutions typified by titration.

A flux such as fluorite, CaFj, 1s added in some cases to decrease the viscosity
of a melt. This material provides a supply of anions with a size comparable
with oxide ions. The fluoride radius is 1.36 X compared to 1.40 for oxides.
Fluorite is even more electronegative than oxide and both can serve as chain
terminators. The addition of calcium fluorite instead of the oxide provides
twice as many anions for each calcium ion, effectively doubling the capacity

to limit polymer formation.

In coal ash melts, the role of an acid is that of a complex ion or polymer
former. The tendency for polymer formation increases with ionic potential.
The bases serve as oxide ion donors. The tendency to yield oxlde ions is
greatest for those with lowest ionic poteantial. The oxide lons are attracted
by cations with the highest ionic potential in the system to form polymers,
terminate polymer groupings and diminish viscosity. The cations with low
ionic potentials exist as unattached hard spheres and can facilitate slippage
between the polymer groups.

THE ROLE OF IRON
Ferric and ferrous ions have significantly different ionic potentials (4.7 and
2.7). The ferric ion falls between the values for the acid group and the basic

group. The importance of iron is associated with its unique ability to al-
ternate between the two valence states, the different behavior assoclated with
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each state and its significant contribution to the composition of many coal
ashes. Iron acts as elther an acid or a base depending on its charge. The
intermediate values for ionic potential indicates that ferric iron would be a
weak acid and ferrous would be a moderate base.

The combustion process in bollers produces a coal ash with a mixture of the
two states. Analyses have indicated that about 20% 1s present as ferric ion
while the remainder was ferrous. In some slagging gasifiers elemental iron
has been observed. Since the majority of the iron was present as ferrous
ion it was appropriate to classify the iron oxides with the bases (assuming
that a single classification had to be made) even though the oxide is iden-
tified as Fe203 in earlier correlations. The gaseous environment determines
the equilibrium oxidation state of the ion in coal ash systems. Iron is an
important component of most Eastern coal ashes, usually following Si and Al
in abundance. The behavior of the coal ash system depends on the oxidation
state of the iron. Viscosity studies show a reduction of coal ash viscosity
for reducing conditions with a reduction of the ratio of ferric to ferrous
iron. (2) This observation is consistent with the role of a complex former
for the acidic ferric iron and an oxide donor role for the ferrous iron.

Figure 1 (3) indicates the liquidous relationships in the alkali and alkaline
earth~-silica systems. A comparison of the depression of the melting point for
different alkali metal oxides indicates that the depression is greatest for
the ions with lowest ionic potential or strongest bases. A similar relation-
ship holds for the alkaline earths. In general, for this series of bases

the melting point depression increases with decreasing ionic potential.

Table 1 (4) Indicates the analysis of a series of coal ashes and gives the

ash fusion temperatures. The indicated initial deformation temperature of
2900°F is just below 1600°C for the low-volatile bituminous coal. This material
is essentially a two-thirds SiOz/one-third Al;03 mixture. An examination of

the A1203-5107 equilibrium diagram indicates that this softening temperature
would be close to the eutectic melting temperature. One would then expect a
very much higher liquid temperature.

Table 1 also gives the ash analyses of a series of high-volatile bituminous
coal taken from three Eastern fields and one Western field. The 5107 contents
of three of the four are close to 48%. The Al203 contents diminish from about
23% to 11%. The Ti0; remains relatively constant in the range 0.6 to 1.0%.
The Fep0; content 1s indicated from about 29.3 down to 7% which would indicate
a wide range of behavior depending on the gaseous environment. The sum of
5107 and A1203, the dominant acid species, is greatest for the Ohio coal and
the highest oxidizing fluid temperature is observed for this material. The
next highest sum is for the Illinois coal and this one has the next highest
oxidizing fluid temperature. The remaining two (Utah and West Virginia) have
similar total Si and Al contents. However, the iron content is much lower

for the Utah coal than for the West Virginia coal. In an oxidizing environ-
ment this means that the total acid content would be higher for this coal and
a higher oxidizing fluid temperature is observed for the West Virginia fuel.
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An examination of the phase equilibrium diagram for the system FeO-Al503-510j,
Figure 2 (5), shows that in the region of about 50% S10,, 25% A1,03, 25% FeO,
which corresponds fairly closely to the Ohio coal, one would expect a liquidus
temperature of about 1450°C (2642°F) which is in good agreement with the fluid
temperature in the reducing environment for the Ohio coal ash. The lowest
temperature on the diagram is at the eutectic between fayalite, tridymite and
iron cordierite. The indicated temperature is 1083°C or 1980°F which 1s in
general agreement with the observed initial deformation temperature for the
reducing environment. The minimum temperature would correspond to a localized
region in a sample where this phase could form through diffusion of different
constituents with the required composition for formation of that material.

The composition of the Illinois coal ash 1s similar; however, this material
does contain a significant amount of calcium oxide which is expected to re-
duce the melting temperature below that observed for the Ohio coal. The two
temperatures are similar but are somewhat less for the Illinois material.

" The West Virginia coal is richer in Fey03 according to the analysis. Again,
refering to the Fe0-A1703-510) phase equilibrium diagram and normalizing the
content of these three constituents, the material falls in the same general
region in the phase diagrams as the Ohio and Illinois coals. However, the
melting temperature expected appears to be about 1540°C or about 2430°F.

This temperature is somewhat higher than the observed reducing fluid tempera-
ture, however there is also about 4% calcium oxide, 1.2% magnesium oxide,

and smaller amounts of other bases which contribute to the reduction in ob-
served temperature.

The observed reducing initial deformation temperature 1s similar for the three
coals from Ohio, West Virginia and Illinois. The same equilibrium phase diagram
would apply to all three and would reflect the earlier mentioned minimum tem-
perature.

The Utah coal is richest in Si103, Ca0, and Al703. In the phase equilibrium
diagram for this system, Figure 3 (6), the normalized composition for this ash
lies in the pseudo-wollastonite region. From this normalized composition the
melting temperature to be expected 1s about 1280°C or 2336°F. The solid species
would be a wollastonite (Ca0 + Si0;). This temperature is about 80° above the
observed fluid temperature in a reducing environment, indicating that the iron
has the ability to depress the melting point by this amount in conjunction with
the other basic materials. The oxidation of the iron is able to elevate the
fluid temperature as indicated, through production of the acid ferric ions and
associated change in oxide ion availability.
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Table 1

Ash content and ash fusion temperatures of some U.S. coals

Rank:

Low Volatile
Bituminous

High Volatiie Bituminous

Seam

Location

Ash, dry basis, %
Sutfur, dry basis, %

Ash fusibility

Initial deformation

temperature, F
Reducing..............
Oxidizing. .............

Softening temperature, £
Reducing
Oxidizing

Hemispherical temperature, f
Reducing..............
Oxidizing..............

Fluid temperature, T
Reducing..............
Oxidizing. ... ..........

Pocahontas No. 3
West Virginia
123
0.7

60.0
30.0
1.6
4.0
0.6
0.6
0.5
1.5

98.8

2900+
2500+

No. 9
Ohio
14.10
3.30

47.27
22.96
1.00
22.81
1.30
0.85
0.28

2030
2420

2450
2605

2480
2620

2620
2670

Pittsburgh
West Virginia
10.87
3.53

37.64
20.11
0.81
29.28
4.25
125
0.80
1.60
9574

2030
2265

2175
2385

2225
2450

2370
2540

No. 6
{llinois
17.36

4.17

47.52
17.87
0.78
20.13
5.75
1.02
0.36
1.77

95.20

2000
2300

2160
2430

2180
2450

2320
2610

Utah
0.5

48.0
115
0.6
7.0
25.0
4.0
1.2
0.2
97.5

2060
2120

2140
2220

2250
2460
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CALCIUM CARBONATE DEPOSIT FORMATION
DURING THE LIQUEFACTION OF LOW RANK COALS

J. B. Stone, K. L. Trachte and S. K. Poddar

Exxon Research and Engineering Company
P. 0. Box 4255; Baytown, Texas 77520

Introduction

During the liquefaction of 1low rank coals, that is subbituminous or
lower, the calcium humates in the coal decompose to form calcium carbonate solids.
These solids have been identified in the reactor solids from pilot plant runs and
could be a significant operational problem in commercial sized equipment. The
purpose of this paper is to present our operating experience and proposed solutions
to this problem as it applies to the Exxon Donor Solvent, or EDS, Process. The
units used in the EDS development program range from 3 gram batch reactors to a one
ton-per-day process development unit.

In the EDS Process, which is shown in Figure 1, crushed coal is slurried
with a hydrogen donor recycle solvent and liquefied in a tubular upflow reactor to
which molecular hydrogen has been added. The liquefaction operating conditions are
about 840°F and 2000 psig. The liquefaction reactor product is separated into a
light hydrocarbon gas stream, the spent solvent, which is recycled and upgraded in
a catalytic hydrogenation unit, the total 1liquid product and a residual bottoms
slurry which 1is processed in a Flexicoker to produce process fuel and some addi-
tional liquid product. The ash residue from the Flexicoker is landfilled. The
plant is balanced in that the solvent, hydrogen and process fuel needed are
generated by the process. For an Illinois No. 6 bituminous coal approximately 2.7
barrels of liquid are produced per ton of dry coal. Liquid yields from a balanced
plant processing lower rank coals are less because of their lower carbon content.

Source of Calcium Carbonate Deposits

Most of the calcium in low rank coals is in the form of salts of humic
acids. These calcium humates are represented in Figure 2. These humates decompose
in the Tiquefaction reactor to form calcium carbonate. The exact mechanism for
calcium carbonate formation is not known, but all of the components of the calcium
carbonate within the dashed lines are readily available. The calcium is ionically
bonded to carboxylic acid and sometimes phenolic groups in the coal. Since these
groups are weak acids, the calcium can be ion-exchanged. There are also other
calcium salts present in coal. Calcite and gypsum are found predominately in
higher rank coals, bituminous and above, and are stable under liquefaction condi-
tions. The three coals studied in greatest detail for calcium carbonate deposition
are: a Wyoming subbituminous coal from the Wyodak mine, a North Dakota lignite from
the Indian Head Mine and a Texas lignite from the Big Brown Mine.

Identification of Calcium Carbonate Problem

During the second quarter of 1975, a screening study was completed
on the Wyoming subbituminous coal. Inspection of the reactors used in these
runs revealed calcium carbonate deposition as wall scale. Since this was not
a problem specific to the pilot units used, calcium carbonate deposition could
have a significant impact on the operation of a commercial unit. A study was
then initiated to identify the magnitude of this deposition problem.
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The bench scale and pilot units used in the calcium carbonate deposition
study range from 3 gram batch tube autoclave reactors to a one ton-per-day Pilot
Plant. Each of these units plays an integral part in the testing of solutions to
the calcium carbonate problem. Some solutions can easily be tested in the batch
reactor; whereas other solutions must be tested in a flow unit. The liquefaction
product from the batch reactor is separated with a hydrocarbon solvent wash and the
residue is analyzed for calcium carbonate by X-ray diffraction and thermo-gravi-
metric analysis. In the flow units, the residual bottoms can be tested similarly
as in the batch case. But more importantly, the reactor solids from these units
can be analyzed for particle size, calcium carbonate content and calcium carbonate
growth patterns and crystal forms. The larger units, the 50- and 100-pound-per-day
Recycle Coal Liquefaction Units (RCLU) and the one ton-per-day Coal Liquefaction
Pilot Plant (CLPP), are completely integrated pilot plants with distillation and
recycle solvent hydrogenation sections. A smaller Once-Through Coal Liquefac-
tion Unit (OTCLU) uses a simulated recycle solvent and has no distillation or
solvent hydrogenation facilities.

Types of Deposit Forms

Calcium carbonate deposition occurs as scale on the liquefaction reactor
wall and free-flowing solids or oolites. Wall scale is very easy to detect in the
liquefaction reactor solids by its characteristic shape. Oolite solids are par-
ticles of the coal mineral matter, clays, silicas, etc., which have a uniform layer
of calcium carbonate growing around them. These oolites are predominately concen-
trated in mesh size fraction one size larger than the feed coal. For example, in
the small pilot plants which use minus 100 mesh coal, the oolites are concentrated
in the 50 to 100 mesh size. Similarly, for the large pilot plant using minus 30
mesh coal, the oolites are concentrated in the 16 to 30 mesh range. These oolites
would be expected to grow larger during much longer runs, because they would not be
swept out of the reactor by the normal fluid flow.

The predominant form of the calcium carbonate growth does depend on
the coal from which it was formed. With the Wyoming subbituminous coal, the
wall scale formed is primarily vaterite which is rarely found in nature. The
growth on the oolites is primarily calcite and some wall scale, at times, is
also calcite. For North Dakota lignite, on the other hand, scale and oolites
in the first stages of the reactor are always calcite and in the latter stages
of the reactor sodium magnesium carbonate (eitelite). The forms of the calcium
carbonate deposits for the Texas lignite are essentially the same as those for the
Wyoming coal.

Most of our operating experience with low rank coals has been the
processing of Wyoming coal in the 50 pound-per-day RCLU pilot plant. After a
run in this unit the reactor is removed and drained of solids and residual coal
slurry. Methyl ethyl ketone washes and sometimes mechanical scraping are needed to
remove the scale. The total solids are toluene washed to remove excess solvent,
dried and sieved. For the RCLU unit, the wall scale is plus 50 mesh. Oolites are
50 to 100 mesh. Minus 100 mesh material is unreacted feed coal or coal mineral
matter which has not yet formed oolites. The ranges of accumulation of calcium
carbonate containing solids for the three coals studied are shown in Table 1. The
accumulation is reported as pounds per 100 pounds of coal fed to compensate for the
variations in run length. The only significant difference in the three coals is
that the Texas lignite produces more oolites than the Wyoming coal. The ocolite
accumulation for the North Dakota lignite is not available because it was not
possible to accurately sieve the reactor solids. The deposit accumulation is
unaffected by changes in most liquefaction process variables, such as, temperature,
space velocity, solvent quality, solvent boiling range and hydrogen gas rate.
During high pressure operations (2500 vs. 1500 psig) there was a significant in-
crease in oolite and wall scale accumulation.
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Scanning Electron Microscope (SEM) photographs have provided invaluable
information about the reactor solids recovered from the flow units. Most of the
oolites have surfaces of calcium carbonate. This is identified by an X-ray spec-
trometer which is an integral part of the SEM. Some oolites have surfaces of iron
sulfide crystals which are again identified by the X-ray. The iron sulfide surface
is much more irregular in appearance than the calcium carbonate surface. Cross
sections of these oolites reveal more information about the calcium carbonate
growth. These cross sections show that calcium carbonate growth occurs on seeds of
the coal mineral matter. There is also evidence of iron sulfide growth on the
mineral matter seeds. The seed material can be iron sulfide itself, silica or
clays or any part of the coal mineral matter. The iron sulfide growth is very
regular and crystalline whereas the calcium carbonate growth is more evenly dis-
tributed.

The other type of calcium carbonate growth is wall scale. The reactor
used in the 15 pound-per-day OTCLU is very amenable for detecting scale. It is a
vertical hairpin tubing reactor which can be split along its length for a detailed
inspection of any scale present. The reactor which is shown schematically in
Figure 3 has eleven sections: six upflow and five downflow. The graph at the
bottom of Figure 3 is a plot of the amount of calcium in the wall scale versus the
reactor section number. Almost all of the calcium carbonate scale is in the first
half of the reactor.with the heaviest concentration in the 15 to 25 minute resi-
dence time range. This finding has been verified directionally in the pilot
plants, although it is very difficult to detect the exact location of scale in the
pilot plants. The SEM can also be used to detect the structure of the scale. The
surface of the scale which is next to the reactor is smooth and is mostly iron
sulfide and a slight amount of nickel sulfide. This is indicative of the fact that
the sulfidation products of the wall are providing growth sites for calcium
carbonate. The process side of the scale has a surface which is very similar
to that of the oolites.

Solutions to Deposition Problem

Potential solutions to calcium carbonate deposition that we have inves-
tigated are mechanical or chemical in nature. The mechanical solutions tried are
solids withdrawal and acid washing. The theory behind solids withdrawal is that
since the oolites are free-flowing solids it should be very easy to withdraw them
from the liquefaction reactor. OQolite growth can be controlled if the withdrawal
rate is high enough so that the oolites do not have sufficient residence time for
growth. Solids withdrawal has been very effective in controlling the growth of
oolites in the one ton-per-day unit. A way to control wall scale growth is
periodic acid washing of the reactor walls during reactor shutdowns. Several
chemicals have been identified as ones which can effectively dissolve the calcium
carbonate scale. A combination of solids withdrawal and acid washing is a very
cost effective way of controlling calcium carbonate deposits. An uncertainty here
is whether the scale would flake off the reactor walls and cause operational
problems during the extended runs (6-12 months) in a commercial plant. This
uncertainty will be tested during the operation of our 250 ton-per-day pilot
plant now under construction.

The effect of solids withdrawal on solids accumulation and ocolite
growth in the one ton-per-day unit is shown in Table 2. During a four-day run
without solids withdrawal, 1/4 percent of the coal fed remained in the reactor and
of this amount, about one-third was larger than the feed coal, that is, plus 30
mesh. During a 16-day run with solids withdrawal, only nine-hundredths of one
percent of the coal remained in the reactor, and essentially none of the oolites
grew larger than the feed coal. Wall scale growth rates were about the same for
both runs. This scale growth would amount to about 1/2 inch per year.
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ical solutions to the calcium carbonate deposition problem can
be classifnsp §§ coal pretreatments or rgactor .add]t1ves. Coal pre;reat?eqts
are ion exchanges in which the humate calcium which 1s the source of the ca]c;um
carbonate deposition is reacted with acids or metal salts. The reSu1E1ng :a ctam
salt would, of course, need to be stable in the~11quefactxon.reac om or is?
exchange to be successful. A generalized mechanism for the ion exchange 1s:

MK+ M2+ x-2
M2 47t . M cat?
ca*? + x-2 4+ cax
A : N
Where the Ca” is a representation of the humate calcium.

The acids that we have concentrated most on and have been successful in ion
exchanging with the calcium are sulfuric acid and sulfur dioxide. The sulfur
dioxide readily dissolves in the coal's moisture and forms sulfurous acid.
The HSO§ ion then diffuses through the coal pores to the site of the humate
calcium where it exchanges with the calcium. Various metal salts have also
been tried. In general, bivalent metal salts exchange very effectively with
the humate calcium. Monovalent metal salts will also exchange if the resultant
calcium {CaX) salt is very insoluble. For example, sodium carbonate will exchange
more effectively than sodium sulfate because the resulting calcium carbonate is
more insoluble than calcium sulfate. This insolubility provides an added driving
force for the exchange, The metal salts would have an added advantage if the metal
were catalytically active in liquefaction.

Coal pretreatments can be tested in the batch tube autoclave reactor
because the form of the calcium has been changed, and it is only necessary to
determine the amount of calcium carbonate in the liguefaction residue. Untreated
Wyoming coal forms about 40% calcium carbonate on ash. Sodium suifate is only
part ially effective in ion-exchanging with the calcium, The tiquefaction residue
contained about 20% calcium carbonate on ash (the remaining calcium is calcium
suylfate). A run in the 15 pound-per-day unit did produce scale which confirms that
sodium sulfate is only partially effective. Sulfur dioxide treated coal has only
about 8% calcium carbonate on the ash of the residue. Ferrous sulfate and sulfuric
acid are even more effective in exchanging with the calcium. After these pretreat-
ments there is only 1% calcium carbonate in the residue ash. Reactor inspections
after runs in the 15 pound-per-day unit revealed no scale for the sulfur dioxide,
ferrous sulfate and sulfuric acid pretreatments. Sulfur dioxide and sulfuric acid
treatments were also successful in preventing scale and oolite growth in the
50 pound-per-day RCLU.

Liquefaction reactor additives have different proposed mechanisms
for success, but in general are not fully effective. Surfactants theoretically
will disperse the calcium carbonate into a fine size so that it will flow out of
the reactor before forming scale. [t was difficult to find a surfactant that was
stable under liquefaction conditions, but when we tried one that was, it had no
effect on scale growth. There are two types of scavengers used: One to tie up the
calcium, for example, collodial silica to form calcium silicate, and another to
scavenge the carbon dioxide, for example magnesium oxide. WNeither of these
materials was effective in preventing calcium carbonate growth. Another possible
mechanism for the colloidial silica to work is by providing many small sites for
the calcium carbonate growth. This could prevent wall scale growth. Addition of
two weight percent colloidial silica on coal did reduce scale formation in the 15
pound-per-day unit but did not eliminate it. Crystal modifiers have been used to
shift the crystal form from vaterite to calcite but have had no effect on scale
growth. Some reactor additives which have shifted the Wyoming coal wall scale from
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vaterite to calcite are water, hydrogen sulfide and various chelating agents.
The basic reason for the failure of these reactor additives is that the calcium
carbonate formation occurs in the pores of the coal, and reactor additives reach
only the coal particle surface at best.

SUMMARY

The major findings in our liquefaction work with low rank coals are that
oolite formation and wall scale growth are primarily related to coal rank. We have
detected both forms of calcium carbonate deposits with every low rank coal tested.
As long as the calcium in the coal is present in the humate form, calcium carbonate
deposition will occur. The physical withdrawal of solids from the liquefaction
reactor can effectively control oolite accumulation and growth but not wall scale.
Wall scale can be removed during reactor shutdowns by acid washing. Liquefaction
reactor additives are generally ineffective in controlling calcium carbonate
deposition. Coal pretreatment, that is, ion-exchange, can be very effective in
altering the form of the calcium salt and thus prevent any type of calcium carbon-
ate deposition in the liquefaction reactor.
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TABLE 1

RANGES OF CALCIUM CARBONATE SOLIDS ACCUMULATION

WYOMING NORTH DAKOTA
COAL TYPE SUBBITUMINOUS LIGNITE TEXAS LIGNITE
MINE WYODAK INDIAN HEAD BIG BROWN
COAL _COMPOSITION,
WT% DRY COAL
CALCIUM 1.22 1.3 2.2
SODIUM .05 .84 05
SOLIDS ACCUMULATION,
LBS/100 LBS COAL FED
TOTAL SOLIDS 0.35-0.57 0.22-1.1 0.49-2.0
OOLITES . 0.07-0.27 NA 0.39-0.49
WALL SCALE 0.002-0.007 0.005-0.035 0.002-0.010
TOTAL SOLIDS COMPOSITION,
WT%
ASH 56-70 57-67 78-82
CaC03 24-83 17-49 67-74
NapMg(co3)2 - 24-46 _
CaCO3 FORMS CALCITE, CALCITE CALCITE,
VATERITE VATERITE
TABLE 2
EFFECT OF SOLIDS WITHDRAWAL ON SOLIDS ACCUMULATION
ONE TON-PER-DAY UNIT, WYOMING COAL
WITHOUT WITH
SOLIDS WITHDRAWAL SOLIDS WITHDRAWAL
INITIAL SOLIDS ACCUMULATION,
WT% OF FEED COAL 0.25 0.08
PARTICLE GROWTH 33 ]
WT% OF REACTOR SOLIDS LARGER
THAN FEED COAL
WALL SCALE GROWTH .001 .0011-.0015

ENCHES/DAY
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A 3¢, 24, "H NMR AND GPC STUDY OF STRUCTURAL EVOLUTION

OF A SUBBITUMINOUS COAL DURING TREATMENT WITH TETRALIN AT 427°C
James A. Franz
Pacific Northwest Laboratory, P.0. Box 999, Richland, WA 99352

The recsnt]y developed magic angle/cross polarization Waugh-Pines
techn1ques promise to significantly advance the state of understanding of
the statistical structure of coals. However, much work remains to be done in
the area of detailed product characterization before predictable models of
coal reactivity can be constructed. Although tetralin and otheg donor systems
have been utilized in numerous studies, the results of Neavel(2) were among
the first to demonstrate that certain coals can be rendered soluble in
pyridine in >90% conversion in <5 min. Very little effort to characterize
the evolution of coale structure over time during reductive thermolysis of
coal has been made.

In this work the products from the thermal dissolution of subb1tum1no¥
Kaiparowitz coal at 427°C in tetralin are examined by spectroscopic ( H,
2H NMR, IR) molecular weight (gel permeation chromatography and vapor pressure
osmometry) and elemental analysis and hydroxy] group analysis. The use of 1,
1-dideuterotetralin in conjunction with 2H NMR to monitor the time dependence
of introduction of deuterium into aliphatic and aromatic structures is
presented. The tetralin-derived products were monitored versus time by glpc
to determine the relationship between hydrogen uptake and coal product yields.

Reactions of Coal and Tetralin or 1,1-dideuteriotetralin

The procedure for these sections is similar to that of Neave1(2):
A 0.6 cm x 6.3 cm stainless steel tube equipped with threaded caps was
charged with 015 g tetralin and 0.25 g coal or a 0.95 cm x 6.3 cm tube was
charged with 1 g coal and 2 g tetralin. One or more tubes attached to a com-
pressed air vibrator were plunged into a molten lead bath maintained at a
temperature which would compensate for the heat uptake by the reaction vessel
and stabilized as rapidly as possible at 427°C or 500°C. The sample tubes
were withdrawn from the bath at various times from 2.5 min to 2 hr and
quenched in water, the contents were washed out with 50 ml of THF and filter-
ed through a 25 um millipore filter. The insoluble material was dried and
weighed. The THF soluble portions were analyzed directly by GPC in THF and
the entire reaction mixture analyzed by gas chromatography (GLPC) to deter-
mine tetralin, naphthalene, methyl indane et al. The THF solutions were
concentrated to 1-3 ml and combined with ~50 ml pentane. The resulting
precipitate was repeatedly washed until no tetralin or naphthalene was de-
tectable by GLPC of the pentane wash. This fractionation provides an ex-
cellent separation of coal from solvent-derived material. The pentane-
insoluble, THF-soluble fractions were examined by vap?5 pressure gsmometry,
elemental analysis, GPC, hydroxyl group analysis and 2H and 'H FTNMR,

Results and Discussion

As shown by Figure 1, subbituminous Kaiparowitz coal is rapidly con-
verted to THF-soluble products at 427°C. The ultimate yield of 80% of THF-
soluble products plus gases is achieved after approximately 35 min with most
(75%) of the ultimate product forming within 10 min. A correction for ash
content in the residues would increase the yields by approximately 8%.

Vapor pressure osmometry of pyridine solutions of the THF-soluble fraction




% THF-SOLUBLE

0 20 0 60 80 100 120

TIME, MINUTES

FIGURE 1. Percent THF-Soluble Product plus Gases from 427°C
Reaction of Kaiparowitz Coal and Tetralin W = Total
carbon rendered soluble @= 1°/sec heatup rate

A = 15°C/sec heatup rate
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shows a drop in number average molecular weight from approximately 1200 at 10
min to about 500 at 30 min and longer with a slight but reproducible increase
after 2 hr reaction. Gel permeation chromatography of the entire reaction
mixture in THF (including tetralin and tetralin derived products) shows the
molecular size behavior versus time (Figures 2 and 3). Consistent with the
vpo results, the principal peak occurs at molecular weight 1000 (polystyrene
and polyethylene glycol standards). This peak decreases in size relative to
major peaks at MW < 500 so that by 35 min, molecular weights less than 500
dominate weight distribution occur in the first 15-20 min of reaction. After
35 min, the growth of the CA. 300 MW peak occurs only very gradually. The vpo
results show an increase in molecular weight from CA. 500 to 600 between 1 and
2 hr. At 500°C the conversion of the higher molecuTar weight constituents to
Tower molecular weight products occurs more rapidly than at 427°C. Constitu-
ents with M{ >10,000 are not observed at 500°C; however, even after 2 hr at
5?8°C there remains a substantial fraction of material of molecular weight
>1000.

The conversion of aliphatic to aromatic structure occurs throughout the
reaction. Figure 4 shows the ratio of aliphatic/aromatic hydrogen, deuterium
and carbon versus time from integrals corrected for solvent absorptions. The
carbon values are not quantitative, but qualitatively exhibit the same trend
shown by the proton and deuterium data, with a decrease in C31i/Carom from
0.9 to 0.6 over a 2 hr reaction. The IR spectra of successive THF-soluble
fractions shows the expected growth in aromatic CH stretch (3000-3100 cm-1)
relative to aliphatic CH stretch (2900-3000 cm~1), and a notable increase in
aromatic CH out-of-plane bending motion (700-850 cm-!).

C NMR spectra for 10, 35, 60 and 120 min reactions were similar in most
respects except for small changes in aromatic/aliphatic integrals. The
aromatic region of a typical !3C NMR spectrum (Figure 5) revealed a distinct
region of absorption at & 150-160 consistent with aryl ether and phenolic CO
and a shoulder at 110-120 ppm gygig?1 of aromatic carbons adjacent to aromatic
carbons bearing oxygen atoms.( 2% The aryl ether and phenolic absorption
accounts for 11%, 11%, 7% and 8% of the total aromatic integral of 10, 35, 60
and 120 min reactions, respectively. Since these are quaternary carbons with
low or no NOEs, these percentages represent less than half of the actual per-
centages of aromatic carbons possessing oxygen substituents. Elemental anal-
ysis of the THF-soluble fractions (Table 1) reveals a rapid initial drop in
oxygen content from CA. 17% in the coal to 14% in the THF-soluble fraction.
The %0 about 2% over a 2 hr reaction time in the THF-soluble fraction. The
percent of oxygen in hydroxyl groups drops from CA. 30% to CA.15% over a 2
hr. reaction time indicating the incursion of dehydrocyciizatio?-type
reactions, consistent with the drop in aromatic CO observed by 3¢ NMR.

Table 1. Elemental Analyses of THF-Soluble Fractions and Coal from the
Reaction of 500 mg Tetralin and 250 mg Coal in 0.65 x 6.3 cm
Reaction Vessels at 427°C

Reaction Time,

min ac o g5 20(difH)® g ash  zouP)
Coal - 7.0 5.19 1.1 0.3 17.11t8) 8.6 -
10 75.45 6.19 1.3 0.3  14.0 1.2 4.8
THF-Soluble 35 76.22 6.3 1.430.2  13.9 1.0 4.2
Fractions 60 77.81 6.09 1.5 0.3  13.5 0.6 1.8
120 7949 6.01 1.7 0.12 13.3 0.8 2.2

(a) Oxygen analyses by difference in the presence of large ash residues are
) not reliable. ]
(b) Hydroxyl uncertainty is +1%.
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Hydrogen transfer during the reaction is very rapid during the first 15
min of reaction but levels off and becomes sluggish after 30 minutes, after
the low energy processes of conversion of coal to preasphaltenes is succeeded
by slower bond breaking processes leading to asphaltenes.

The analysis of tetralin, methylindane, and naphtahalene by GLPC during
the reaction revealed that for every six carbon atoms in the total coal, 1.0,
1.2, 1.7 and 2.4 hydrogen atoms are transferred from tetralin at 5.5, 10, 35
and 60 minutes reaction time. Thus the hydrogen uptake per incremental
increase in product yield is much lower in the initial 5 min of reaction than
at succeeding times. This is consistent with the break1ng of fewer bonds
per weight of solvated material yielding radicals or ions which may abstract
hydrogen gr hydride froT tetralin during the early stages of reaction.

The 2H NMR results{b) (Figure 4) qualitatively support the concept of a
rapid initial disruption of aliphatic structure in the early stages of con-
version of coal to preasphaltenes. About 55% of the coal is dissolved within
10 minutes, deuterium incorporation occurring much more rapidly at aliphatic
sites.

The 1H NMR results reveal that the bulk of aliphatic hydrogen occurs at
position B to aromatic rings (ArCHgCﬂzCH3) and cyclohexyl or internal
methylenes of normal paraffins (§ T1-1.9) and at positions adjacent (a) t
aromatic rings (ArCHoCHpCH3)(8 1.9-3.2). Aliphatic hydrogen is detectab]e in
modest .amounts assigned to diaryl substituted methylenes ? 2y (6 3.2 - 4).

As shown by Table 2, the percent of a and ol hydrogen doubles from 2.5 to

35 min, consistent with a significant increase in aromatic structure during
the reaction.

TABLE 2. Distributions of Aliphatic Hydrogen versus Time from ]H NMR
Integrals of THF-Soluble Products (427°C) in Pyridine-dg

Chemical Shift Ranges, &(ppm)

Reaction Time

{min) §0-1.0 §1.0-1.9 §1.9-3.2 §3.2-4.0

2.5 18% 55% 24% 3%

10 13% 48% 34% 5%

35 10% 38% 44% 7%

60 9% 45% 39% 8%
Summary

The dissolution of subbituminous coal occurs very rapidly to produce
predominantly phenolic aromatic or aryl ether structures associated with
about an equivalent amount of aliphatic structure w1th molecular weights
typically aroung 1000, and as high as 30,000. The 13C NMR spectra show the
products to possess a wide variety of structures in the chemical shift regions
of diaryl and triaryl methanes and ethanes, cyclic and acyclic saturated
hydrocarbons, with insignificant oxygenated aliphatic, carbonyl or quinoidal
structure. 0xygenaf§9 aliphatics, if present, are destroyed in the first
10 min of reaction.\ The hydrogen transfer process occurs initially at
a11Ehatic sites but is s?on incorporated in aromatic structure, as indicated

H NMR results. The 'H NMR results confirm the gradual production of
aromat1c structure during the reaction. The incursion of condensation
reactions is reflected in a gradual upswing of average molecular we1ghts
beyond 1 hr reaction times, as well as a sma]] but definite drop in hydroxyl
group content in the coal products.
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FIGURE 2. GPC trace of the THF solutions
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time. Tetralin and tetralin-derived
products appear at MW 130.

FIGURE 3. GPC trace of the THF solutions
of products from the reaction of tetralin
and coal at 500°C for varying periods of
time. Tetralin and tetralin-derived
products appear at MW 130.
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Effect of Hydrogen Pressure on Rate of Direct Coal Liquefaction

Minoru Morita
Shimio Sato
Takao Hashimoto
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Yonezawa,Japan 992

Introduction

There have been numbers of studies for direct coal liquefaction,
Many of them have been carried out with batch autoclaves,which are
heated up to a designed temperature (hereinafter called nominal reac-
tion temperature) ,followed by holding at that temperature for a de-
sired time (hereinafter called nominal reaction time) and cooling
down. Then total pressure inside the autoclaves changes with the tem-
perature varying and consuming of hydrogen by the reaction. Thus the
hydrogenation of coal is non-isothermal and non-isobaric. Workers,
however,have analysed kinetics conventionaly considering experimental
results by the autoclave as those under isothermal and isobaric con-
%itifns at a reaction time according to a nominal reaction time (NRT)

1~6

The authors pointed out that the conventional analysis (herein-
after called isothermal analysis) was unsuitable for not only investi-
gation of reaction kinetics represented by 2 scheme including a unobs-
ervable species but also calculation of the real value of rate parame-
ters (7)., Effect of hydrogen pressure on a rate of the reaction has
been investigated by some workers (1~3) . They examined dependence of
initialhydrogen pressure or average pressure during period of NRT on
rate constants which are calculated by the isothermal analysis using
date obtained underidifferent initial pressures at same nominal reac-
tion temperature (NRTM) . From the same reason as above mentioned,how-
ever, it may be doutful for these studies to be calculated a accurate
value of rate paramaters.

In this report, hydrogen pressure effect on the rate and rate
parameters values was estimated by non-isothermal analysis, in which
experimental results with a batch autoclave were allowed to remain
non-isothermal and non-isobaric,

Apparatus and Procedure

The experiments were carried out with a shaking type 0.5-liter
autoclave. The apparatus and procedure were identical with those pre-
viousley described (7). Experiments were made under the following
conditions: from 350°C to 440°C NRTM, from 2-minutes to about 2-hours
NRT and from 50 atm to 110 atm initial hydrogen pressure. 12 grms of
powdered coal and 28 grms hydrogenated andflecristalized anthraceneoil
agvehicle were used. A catalyst,consisting powdered sulpher, feric
hydride and molibdenic oxide in 1:1:1 at weight ratio, was prepared
in this laboratory. Taiheiyo coal (Japanese) and Morwell coal (Aus-
tralian) were studied. Ultimate analysis, on a moisture—free basis,
showed that Taiheiyo coal had a higher carbon-to-hydrogen ratio of

1.17 (79.8%C and 5,7H) than that of 1.05 ( 65.3%C and 5.2%H ) in
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‘Morwell coal, Proximate analysis showed that moisture, fixed carbon

and volatile materials contents (%) were 12.6,52.4 and 34.2 for Mor-
gglllcoal, and being 4.9, 27.7 and 47.0% for Taiheiyo coal, respec—
ively.

] Extents of reaction were determined by measuring product solubil-
ity in two solvents, benzene and n-hexane. Then organic benzene insol-
ubles (OBIS )fﬂin which unconverted coal and cokes produced by side
reactions were contained, asphaltene and oil were separated and
weighed by the general procedure (6) ’

. Experimental Results and Discuséions

Examples of process time- temperature and process time-pressure
curves, at different NRT's, are given in Fig. 1. The changes in pre-
gsure indicates that the absorption of hydrogen apparently is initiat-
ed about 250°C, and after the temperature has been reached at the NRTM
of 440°C, the pressure begins to decrease at almost constant rate by
consuming of hydrogen with the hydrogenation, follows by rapid de-
creasing as the temperature decreases. Fig., 2 and 3 represent the ex-
perimental results of Morwell coal liquefaction under various initial
hydrogen pressures at 350°C of NRTM. Those represent that dependence
of reaction course and the rate on the initial hydrogen pressure is
not very sharp: under any pressure the courses show similar trends-
i,e., an increased NRT increases oil formation from coal, while it has
less influence on asphaltene production. Compared with the reaction
extent at zero NRT (that during pre-heating and gquenching period),
the extent for NRT period is little. Liquefaction, moreover,progresses
to fair degree in spite of low NRTM of 350°C. These hydrogenation
characteristics may be explained from Morwell coal's properties:
pyrolysis accompanying deoxygenation from groupscontaining oxygene will
precedes hydrogenation, because Morwell coal have much oxygene contents
of 30 % (by difference) as indicated from the ultimate analysis; this
coal is converted into oil and asphaltene to appreciable degree by
the pyrolysis through the pre-heating and quenching period, and re=
maining unreacted coal is reacted to form oil., Fig. 4 and 5 show the
experimental results for Taiheiyo coal. From those it is found that
there is a tendency to increase reaction rate with increasing initial
hydrogen pressure, and being a marked one at the heigher NRTM; more-
ever, the higher initial hydro%en pressure prevents cokes formation
from occuring: under the lowest initial hydrogen pressure at NRTM of
440°*C, o0il yield decreases against OBIS fraction increasing with in-
creasing NRT. Thiskan be expressed as produced oil is degraded to
make cokes, which is mesuared as OBIS. On the other hand, under
heigher initial hydrogen pressures there is little influence of oil
degradation.

Hydrogenation Rate analysis

From previously reported facts(/~6) it may be considered that coal is
liquefied through the following two-step process as the main reaction,
coal—asphaltene—o0il, Then under sevecre reaction conditions of heigh-
er temperc.ture, or under the infulence of a active catalyst, gasfica-
tion andpr cokes formation is accompdnied with the main reaction simul-
taneously. For & case where the oil is degraded to an appreciable de-
gree, the authors proposed the following four-step scheme taking into
account cokes formation from polimerization of the oil, c¢oal —
asphaltene —— 01l —— resin — = cokes (7). With this scheme
Miike coal ( Japanese ) liquefaction behaviors were investigated using
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the non-isothermal analysis method to be well expressed. To decribe
the Morwell coal liguefaction properties, however, the above mentioned
schemehust be modefied by addition of another reaction process such as
one step o0il formation, coal-so0il. Therefore, in this study a reaction
scheme was derivated so as to express the experimental hydrogenolysis
courses, and its kinetic parameter’s values including reaction order
with respect to hydrogen pressure were estimated so that simulated
courses might have close agreement with the experimental ones. On es-
timation of the rate parameters values in the derived reaction scheme,
us its rate equations was so complicated that an analytical method
might be unsuitable, @ numerical analysis based on the non-linear
laast sum of squares method was used; Marqurdt method was adopted be-
cause of its good convergency. A estimation procedure is illustrated
with flow chart. Its detail is as follows: experimental reaction tem-
peratures and pressures values at ten or fifteen process times in each
run were stored up; from these storage reaction temperature-and pres-
sure-process time curves of each run were described by a spline func-
tion (9) jreaction courses of each runwere simulated using the rate e-
quations; from this function and values of rate parameters,i.e.,reac-
tion orders, activation energies and frequency factorsithe parameters
valueswere optimally estimated from comparing the simulated courses
with experimental ones. To remove interference with the optimum esti-
mation by compensation effect between frequency factor and activation
energy, variables were transformed (/0) ., A detail of investigated re-
sults will be presented in the meeting.

Conclusions

Effect of hydrogen pressure on coal hydrogenation properties was
investigated. It was found that for liquefaction of Morwell coal in
which oxygene contents appears to be considerable, hydrogen pressure
little effect, In the case of Taiheiyo coal liquefaction hydrogen pre-
ssure had effects: higher pressure gave higher o0il . yield and prevented
tokes formdtion from occuring.

A reaction scheme was derived so as to express the experimental .
liquefaction courses, and kinetics was analysed by the proposed non-
isothermal method using the batch autoclave data which is non-iso-
thermal and non-isobaric ones.
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HYDROGENATION OF COAL LIQUIDS
IN THE PRESENCE OF SULFIDED Ni-Mo/A1203

L. Veluswamy*, J. Shabtai* and A. G. Oblad

Department of Mining and Fuels Engineering
University of Utah, Salt Lake City, Utah 84112

INTRODUCTION

Hydrogenation is one of the most important catalytic processing techniques
applied to the petroleum industry. Although considerable work has been done on the
hydrotreating of petroleum feedstocks{1,2)} and model compounds(3), relatively few
studies have been reported on hydrogenation of coal-derived liquids{4-9). Coal
liquids contain much less hydrogen (6-8% b. wt.) and considerably more nitrogen
(1-2%) and oxygen (4-5%) as compared to petroleum crudes and residua (hydrogen,
11%; nitrogen, <1%){10). Coal liquids have much higher concentration of asphal-
tenes than petroleum residua (25-35% b. wt. vs 5-6% b. wt.), as well as higher
overall aromaticity than the latter (60-75%) b. wt. vs 20-35% b. wt. of aromatic
carbon). This high concentration of condensed aromatic ring structures in coal
liquids causes coke formation to a Tlarge extent in refining processes such as
catalytic cracking. The heteroatoms, particularly nitrogen and sulfur, are severe
poisons for many of the catalysts employed in petroleum refining. Hence, hydro-
treatment of such liquids may be necessary to upgrade their quality and make them
suitable for further refining processes. In this study, the hydrogenation of
Synthoil and fractions derived from it, in the presence of sulfided Ni-Mo/A1,03
and Ni-W/A1503 systems, was systematically investigated as a function of ex-
perimental conditions, such as, reaction temperature, pressure and process time.
Results obtained with model compounds {11-13) were correlated with results of this
study to elucidate the hydrogenation behavior of syncrudes.

EXPERIMENTAL
Feedstock

The Synthoil (from West Virginia coal) used in this study was supplied by the
Pittsburgh Energy Research Center. The cyclohexane soluble fraction {maltene) and
cyclohexane insoluble fraction (A-P) of Synthoil were prepared according to the
following procedure. Synthoil was mixed with cyclohexane in a ratio of 1:40 and
the mixture was heated to near the boiling point of cyclohexane with magnetic
stirring for about 40 minutes. The mixture was cooled to room temperature and
kept overnight with continued stirring. The maltene fraction with cyclohexane was
separated from A-P by vacuum filtration. The maltene fraction of Synthoil was
separated from cyclohexane by evaporating cyclohexane under slight vacuum. The A-P
fraction was dried in an oven kept at 80°C. Data on properties of the Synthoil and
fractions derived from it are given in Table 1.

*Presently with Exxon Research and Engineering Company, Baytown, Texas

tWeizmann Institute of Science, Rehovot, Israel
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Table 1

Analysis and some Properties of Synthoil and Synthoil Fractions

Material c H N S 0 H-aromaticity %
Synthoild 86.4 7.2 1.3 0.7 4.4 30.7
Cyclohexane-soluble fr.b 88.3 7.5 1.2 0.6 2.4 28.1
Cyclohexane-insoluble fr. 88.1 6.1 1.9 0.3 3.6 36.4

(Aspha]teneC-Preasphaltened)

(a) Specific gravity, 1.14; viscosity SSF @ 82°C, 104; ash 1.6% b. wt.
(b) Represents 64.7% b. wt. of the total Synthoil; (c) Represents 28.1% b. wt. of
the tetal Synthoil; (d) Represents 7.2% b. wt. of the total Synthoil

Catalyst

The catalysts used in this study were (i) HTI00E, manufactured by Harshaw
Chemical Company and (ii) Sphericat 550, manufactured by Nalco Chemical Company.
The 1/16 inch HT100E extrudates contain 3.0% Ni0 and 15.0% MoO3 on alumina. The
1/16 inch Sphericat 550 spheres contain 5.1% Ni0 and 20.2% W03 on alumina. These
catalysts were chosen from several commercial catalysts for our study because
of their high hydrogenation activity and low cracking characteristics in the
hydrogenation of model compounds(11). Both catalysts were sulfided before use.

Hydrogenation Technique

A1l the experiments on hydrogenation of Synthoil were carried out in a fixed
bed flow reactor (36" L. x 1.25" 1.D. x 0.5" W.T.) system. An autoclave (11) of
300cc capacity was used in all the experiments on hydrogenation of maltene and A-P
fractions of Synthoil.

The fixed-bed hydrotreating unit (11) was flushed with hydrogen to remove air,
and the system was brought to reaction temperature and pressure. Synthoil was
heated to about 80°C and pumped at a rate of 30 cc/hr. to maintain a LHSV of 0.5
hr=1 (catalyst:60cc) in each experiment. A hydrogen flow rate of 2 litres/min.
was used. The product was cooled in the condenser and the 1liquid product was
collected from the low pressure separator. The gaseous product was passed through
a series of scrubbers (to remove HpS and NH3) and wet test meter. The liquid
product was dissolved in CDC13, filtered and analyzed.

The hydrogenation procedure in the autoclave unit is as follows. After
placing known amounts of Synthoil fraction and catalyst in the autoclave, the
autoclave was purged with Hy and then pressurized with Hy to half the reaction
pressure. The reactor was heated to the reaction temperature and the pressure was
adjusted to the experimental pressure. The total pressure in the system was
maintained constant throughout the reaction period by the automatic addition of
hydrogen whenever necessary from the cylinder through the regulator and check
valve. At the end of each experiment, the reactor was cooled rapidly, and the
pressure was released. The product was mixed with CDC13, filtered to remove the
catalyst and analyzed.

Due to the complex nature of coal-derived 1liquids and their products of
hydrogenation, no attempt of structural analysis of the 1liquid products was made.
Elemental analysis was done for all samples. A simple analytical method, using PMR
(Proton Magnetic Resonance), was developed(11) to determine the overall aromatic
saturation. The extent of saturation was estimated as
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(H-aromaticity)feed-(H-aromaticity)product
(H-aromaticity)feed

% decrease in H-aromaticity X 100

RESULTS AND DISCUSSION

Effect of Experimental Conditions upon the Hydrogenation of Synthoil

Coal derived liquids consist of condensed polycyclic aromatic hydrocarbons
(mainly 3 to 5 rings), as well as aromatic-naphthenic, aromatic-heterocyclic and
aromatic-naphthenic heterocyclic systems. The extent of hydrogenation and hetero-
atom removal depend on several factors, e.g., (a) reaction temperature, (b) reac-
tion pressure, (c) hydrogen/substrate ratio, (d) 1iquid hourly space velocity
(LHSV), (e) catalyst structure and type, and (f) composition of the feedstock
(structural characteristics of the starting substrate components and of partially
hydrogenated intermediates). The effect of some of these variables upon
hydrogenation of Synthoil over Ni-Mo/A1203 was studied in a fixed bed reactor,
using a hydrogen flow rate of 2 litres/ min., and a LHSV of 0.5 hr-T.

Effect of Process Time

Figure 1 summarizes the observed hydrogen uptake, viz. the % decrease in
H-aromaticity, in the product from hydrogenation of Synthoil as a function of
process time (between 60-260 min.). Initially (process time, 60-140 min.), a rapid
decrease in hydrogen uptake, is observed. However, as the process time is extended
(140-300 min.), the % decrease in H-aromaticity and the hydrogen uptake reach a
plateau. This indicates that the catalyst deactivates appreciably at the beginning
of the experiment, but subsequently its activity is stabilized. Product analysis
shows a hydrogen content of ca 10% b.wt., and a 55-60% decrease in H-aromaticity
under steady state conditions (Figure 1).

Effect of Temperature

Figure 2 shows the observed change in hydrogen content and in H-aromaticity of
the product from hydrogenation of Synthoil as a function of temperature (between
300-400°C at 2900 psig). As seen, the hydrogen uptake increases with increase in
temperature up to ca 370°C (maximal % decrease in H-aromaticity, 62.4%; and maximal
hydrogen content, ca 10%). Above 370°C, there is apparently a tendency of decrease
in the hydrogen uptake. Experimental and calculated data (14,15) on hydrogenation
equilibria of polycyclic aromatics indicate that at high hydrogen pressures, e.g.,
above 2000 psig and temperatures below 390°C, the equilibrium is displaced almost
entirely in the direction of hydrogenation. On the other hand, at temperatures
above 390°C (this temperature may vary depending upon the type of aromatics), there
should be some of the free aromatic reactant at equilibrium. The concentration of
this aromatic component increases with increase in temperature. For example, upon
hydrogenation of phenanthrene, the concentration of the latter at equilibrium
decreases with increase in temperature up to 375°C, but then increases with further
increase in temperature (14). Hence, this provides a plausible explanation for the
observed hydrogenation behavior of Synthoil. The observed increase in aromatic
content of the product from hydrogenation of Synthoil at temperatures above 370°C
may be also due to some increase in the extent of cracking reactions.

Figure 3 shows the change in nitrogen and sulfur content of the product from

hydrogenation of Synthoil as a function of temperature (between 300-400°C). As
expected, the extent of N and S removal increases with increase in temperature,
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since the equilibrium data indicate that heteroatom removal proceeds irreversibly
and is, therefore, not equilibrium controlled. Nitrogen removal ranges from 18%
to 70% whereas the S removal ranges from 45% to 86%. This indicates that the
former process is generally a slower one. The observed incomplete removal of
heterpatoms may be due to the stereochemical characteristics of some more complex
nitrogen-and sulfur-containing heterocyclics, and of partially hydrogenated inter-
mediates (11,13). Another reason for incomplete saturation of polyaromatics and
incomplete removal of heteroatoms in feedstocks such as Synthoil and their frac-
tions may be due to diffusion effects (1,16).

Effect of Pressure

Figure 4 shows the observed change in H-aromaticity of the product from hydro-
genation of Synthoil as a function of pressure (between 2500-2900 psig). As seen,
the saturation of aromatics increases with increase in pressure. It is indi-
cated(11) that nitrogen removal increases with increase in pressure (51% at 2500
psig and 70% at 2900 psig), but the extent of S removal changes only to a small
extent (83 to 89%) with increase in pressure (between 2500-2900 psig). A similar
behavior was observed in the Texaco work on hydrodesulfurization of heavier inter-
mediate cracked gas o0il(1).

Hydrogenation of Maltene (Cyclohexane-Soluble) and Asphaltene-Preasphaltene
{CycTohexane-TnsoTubTe} Fractions of Synthoil

A Synthoil sample was separated into a maltene (cyclohexane-soluble) fraction
and an asphaltene-preasphaltene (cyclohexane-insoluble) fraction as described in
experimental section. These fractions derived from Synthoil were hydrogenated in
an autoclave under severe conditions (pressure, 2900 psig; temperature, 288-377°C;
reaction time, 7 hr.) using sulfided Ni-W/A1,03 catalyst and the results are sum-
marized in Table 2. As seen from experiment 1, the cyclohexane-soluble fraction is
readily hydrogenated (% decrease in H-aromaticity=71.2%, corresponding to a re-
sidual H-aromaticity of only 8.1%). On the other hand, hydrogenation of the cyclo-
hexane insoluble fraction (asphaltenes plus preasphaltenes), under the same set of
conditions, (expt. 3) is very limited (¥ decrease in H-aromaticity of 23.6% corres-
ponding to a residual H-atomaticity of 27.8%). Table 2 also shows that the satur-
ation of the cyclohexane-insoluble fraction increases with increase in temperature.

Table 2

Change of Quality in the Product from Hydrogenation of Synthoil Fractions3—C

Cyclohexane Cyc lohexaneinsoluble fr.€
soluble fr.d (asphaltenes-preasphaltenes)
Expt. No. BN 2 3 4
Reaction temperature, °C 34 288 341 377
H-aromaticity, %
in feed 28.1 36.4 36.4 36.4
in product 8.1 34.5 27.8 25.3
% decrease in H-aromaticity 71.2 5.6 23.6 30.5
% heteroatom removed
N 86.1 8.5 31.9 51.6
S 62.9 - -- 62.5
0 96.7 33.1 63.6 82.4

(a) Catalyst: sulfided Ni-W/A1203; (b) Pressure: 2900 psig; (c) Reaction time:
7 hr.; (d,e) For elemental composition of reactant, see Table 1.
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A probable reason for the difficulty of completely hydrogenating the maltene
fraction of Synthoil is indicated by results obtained from hydrogenation of model
compounds, e.g. phenanthrene and pyrene(11,12) using commercial hydrogenation
catalysts (Ni-Mo/A1503, Ni-W/A1503, etc.). It was found that hydrogenation of the
outer rings in phenanthrene is a fast reaction. But, once the two outer rings are
saturated, the subsequent step of hydrogenating the sterically hindered inner ring
is much slower. It should be expected in the case of condensed polycyclic compounds
present in the maltene fraction, at least a part of the inner rings become steri-
cally hindered by adjacent hydroaromatic rings during the step-wise hydrogenation
process. This would be more probable in tetracyclic and pentacyclic systems, e.g.,
triphenylene. In the latter compound, for instance, there is one inner ring which
is fully substituted by three terminal benzene rings which upon hydrogenation form
a steric barrier around the residual inner benzene ring. Examination of molecular
models show that flatwise adsorption of this inner benzene ring on the catalyst
surface is very difficult while edgewise adsorption is excluded. The residual 8.1%
of H-aromaticity in the hydrogenated maltene fraction corresponds roughly to 15-20%
of residual non-hydrogenated aromatic rings, viz. approximately one residual
aromatic ring per 5-6 hydroatomatic rings, in line with the above suggested model.
The relatively higher rvesistance to hydrogenation shown by the asphaltene-
preasphaltene fraction (Table 2; expt. 2, 3, and 4) may be due to the higher
complexity and proportionally higher concentration of sterically hindered inner
rings in the polycyclic systems present in this fraction. For instance, in 1,2,3,4,
5,6,7,8-tetrabenzonaphthalene which is a hexacyclic system, the completely substi-
tuted rings represent 33% (one out of three) of the condensed system.

The products of hydrogenation of the asphaltene-preasphaltene fraction (expts.
2,3, and 4) were analyzed for cyclohexane solubility. Results obtained are plotted
in Figure 5. As seen, solubility increases sharply with gradual decrease in the H-
aromaticity of the asphaltene fraction, reaching a level of about 85% at a point of
31% decrease in H-aromaticity. This important result can be rationalized by con-
sidering three possible factors affecting solubility: (a) polar compounds such as
0, S, and N-containing compounds undergo heteroatom removal (Table 2) making the
product less polar, viz., more soluble in a non-polar solvent, e.g., cyclohexane,
{b) decrease in the complexity and molecular weight of the asphaltene molecules
resulting from splitting reactions, (c) the partial hydrogenation of the polycy-
clic aromatic system could also contribute to the observed increase in solubility.

CONCLUSIONS

Results obtained from this study of hydrogenation of Synthoil and its frac-
tions indicate the following:

(i) Even under severe hydrogenation conditions where the aromatic saturation
equilibria favor in the direction of complete saturation, coal-derived liquids show
marked resistance to complete hydrogenation. It is concluded, in line with the
results obtained with model compounds, that the resistance to complete hydrogena-
tion may be due to sterically hindered aromatic rings.

(i1) Hydrodenitrogenation is relatively more difficult when compared to
hydrodesulfurization in coal-derived liquids.

(iij) The rate and depth of hydrodenitrogenation and hydrodesulfurization of
coal-derived 1iquids may strongly depend on the steric characteristics of condensed
N quts heterocyclic aromatic feed components, or of partially hydrogenated inter-
mediates.
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(iv) The asphaltene-preasphaltene fraction of Synthoil shows higher resis-

tance to hydrogenation than the maltene fraction of Synthoil.

(v} The solubility of the hydrogenated product of asphaltene-preasphaltene

fraction of Synthoil in cyclohexane increases with decrease in H-aromaticity and
heteroatom content.

10.

1.

12.
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Introduction

High pressure hydrogenation reaction of coal is an exothermic reaction
accompanied by heat generation and hydrogen consumption. As compared against
autoclave experiments, when high pressure DTA is applied it is possible to conduct
a rapid and simple follow up of the course of reaction over a wide thermal range,
and the results obtained are of considerable interest.

Up till the presqu, utilizing a 2 cell high pressure DTA apparatus developed
by the present workers'/, we have conducted measuremegts of the heat of coal hydro-
genation2) and desulfurization reaction of heavy 0i13). Following the above we
have carried out comparative studies of catalytic activisy 3nd reactivity with
regard to hydrogenation of aromatic compounds and coalsd)=6J,

In the present paper, first we will describe a newly developed single cell
DTA apparatus. This single cell apparatus, as compared against the conventional
2 cell DTA apparatus, was designed in such a way as to have a simpler heating
rate control and a higher measurement sensitivity.

Next, in the hydrogenation reaction of coal, generally it is not quite so easy
to maintain or obtain a contact of hydrogen and the coal sample. Thus, in the
present work we did not use stirring, but instead we made an even mixture of the
unreacted solid, namely a-A1,03 was mixed at various rates with the coal sample,
and by gradually chenging the %ydrogen availability, we investigated the relation-
ship of mesophase fromation and hydrogenation.

Next, under the condition of a sufficient hydrogen availability necessary for
the coal hydrogenation reaction, the exothermic peaks were measured and the reaction
course of coal hydrogenation was investigated.

Experimental

Sample

The present work was undertaken as part of a series of studies on hydrogena-
tion of the petrographic composition of coal, in the study vitrinite concentrate
hand-picked from Bayswater and Liddell seam coal (N.S.W., Australia) with a high
volatile bitumous rank were used. The particle size was under 100 mesh. The
petrographic and chemical analysis of the hand-picked samples are given in Table 1.

Apparatus

The essentcal part of the single-cell DTA apparatus comprises two sheath
thermoconples (1.6 mm diameter) and a heat-sink, which are placed in an ordinary
autoclave (25 mm i.d., 50 ml capacity). One thermocouple is inserted into a hole
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in the heat-sink and the other into the sample. Exothermic or endothermic
reactions can be detected by measuring the temperature difference between the
heat-sink and the sample. This temperature difference can be recorded on a chart
as a DTA curve. The pressure change can also be recorded on a chart simultaneously
by using a pressure transducer and an amplifier.

Experimental conditions

The sample coal was impregnated with accurate 10% ZnClp using an ethanol
solution and was subsequently evaporated to dryness in a vacuum dryer. 5.5 g of
this sample was used for each high pressure DTA experiment. In order to vary the
hydrogen availability, to each sample 0~5.5 g of unreacted solid_namely a-A1,03 of
80 mesh was mixed in evenly. Hydrogen initial pressure 100 kg/cm® was chargeg
into the autoclave, and at a heating rate of 3°C/min, the temperature was raised
to a given point and the DTA and pressure change curve was measured. After reaching
a given temperature, the autoclave was immediately removed from the furnace and
allowed to cool in air and the temperature was lowered at a rate of 35°C/min.
After cooling down to room temperature, the reaction products were analysed using
a Soxhlet extractor and a gaschromatography.  0il is defined here as a hexane-
soluble fraction and asphaltene as benzene-soluble, hexane-insoluble fraction.
The solid residues were examined under a reflected 1ight microscope.

Results and discussion

1. The effect of hydrogen availability on coal hydrogenation and DTA

Previous work’) by the present author showed that the formation of the mesophase
during coal hydrogenation was controlled not only by temperature and time but also
by hydrogen availability.

In the cases where coal hydrogenation was carried without the use of vehicle
0il, since stirring is difficult, in the present case a new technic was attempted,
namely by mixing unreacted solid, a-Al1203, evenly into the sample under various
ratios, the hydrogen availability was gradually changed. In Fig. 1, the DTA curve
and pressure change curve obtained by mixing in 0~555 of 0-A1203, and raising the
temperature to 450°C, are shown. Fig. 2 showns the results of analyses of the
reaction products after cooling down to room temperature. From microscopic obser-
vations of the extraction residues, in the case where less than 2.5 g of a-A1203
is mixed in, it was shown that while the mesophase formed, when the addition of
a-A1203 was increased over 3.3 g the mesophase was not formed. In the former, from
microscopic observations during the exothermic peak formation, it was considered
that the reaction proceeds in the following manner. In the former half of the
exothermic peak on the lower temperature side, the coal particles are independent
of each other, and since the contact with hydrogen is good, the hydrogenation
reaction proceeds rapidly accompanied by heat generation and hydrogen consumption.
However, on the high temperature side of the exothermic peak, because of the melting
point aided by a slight liquefaction, it was noted that the coal particles melted
and agglomerated. Because of this, the contact of coal and hydrogen became poor
and the hydrogenation was terminated. As the temperature is raised higher,
mesophese formation proceeds accompanied by dehydrogenation and the evolution of
carbon dioxide. 1In the case where more than 3.3 g of a-A1,03 is mixed in, from the
results of DTA and microscopic observation together with ana?yses of the products,
it was shown that hydrogen availability was in sufficient quantity.

2. Reaction course of coal hydrogenation
In order to investigate the reaction course of coal hydrogenation, the tempera-

ture rise was terminated at 10 points of the exothermic peak and after cooling down
to room temperature, the reaction products were analysed as shown in Fig. 3. These
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exothermic peaks were measured under the conditions of an adequate hydrogen
availability necessary for the coal hydrogenation reaction, produced by an
addition 4 g of a-A1,03.

1)
2)
3)
4)

5)
6)

7)

From these results, the following reaction course was derived.
Coal—> (Preasphaltene) — Asphaltene — Qil
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EFFECT OF HYDROGEN PRESSURE ON THE REACTION OF NaOH-ALCOHOL-
COAL.

Masataka Makabe and Koji Ouchi.

Faculty of Engineering,Hokkaido University,Kita 13,Nishi 8,
Sapporo,Japan,060.

The reaction of coals with-alcohol-NaOH has been studied in
detaill)Z)and the younger coals with less than 82%C could be disso-
lved nearly completely in pyridine after the reaction at 300°C for
1 hour. Even a coal of 87%C could be nearly completely dissolved by
the reaction at 350°C for 1 hour. Other reaction conditions, tem-
perature,time and the concentration of NaOH,were also examined in
detail. The species of alkalis was examined,which revealed that
NaOH and LiOH were most effective3). Reaction mechanism was pursu-
red by the structural analysis for the pyridine extracts of which
yield were more than 90%4). The results show that the main reac-
tion is the hydrolysis and partly associated with hydrogenation by
the hydrogen Eroduced from the reaction between alcohol and NaOH
as follows,1)2)

C2H50H+NaOH——— CH3COONa+2H;

The structural analysis of pyridine extracts which represent the
almost all the reaction products,that is to say the original coals
themselves,revealed that the aromatic ring numbers in the structu-
ral unit (cluster unit)of the younger coals consist of 1 with 0.5
naphthenic ring and the bituminous coals have the aromatic ring
number of 4 with 1 naphthenic rings. The younger coals have more
of ether linkages and constitute higher molecular weight structure.

As the nascent hydrogen atoms can contribute to the hydrogena-
tion of coal molecules,probably the atmospheric pressure affects
the reaction degree and the hydrogen pressure will give more
effects. This report treats the effect of hydrogen pressure on
this reaction.

Experiments

Coal sample is the vitrinit of Taiheiyo coal(C:77.5%,H:6.3%,
N:1.1%,S:0.2%,04iff:14.5%)prepared by the float-and-sink method.
The crushed coal of 1g,NaOH of 1g and 10ml of alcohol were placed
in an autoclave of 38ml with the magnetic stirrer and the atmos-
phere was replaced with pressurized nitrogen or hydrogen.Then they
were reacted at 300~430°C,for 1 hour. After reaction the gas was
analyzed with GC and the product was acidified with 2N HCl. The
precipitate was centrifuged,filtered,washed and dried. The extrac-
tion was carried out by shaking the product with pyridine,alcohol
or benzene for 10 hours at room temperature.

At the higher reaction temperature than 400°C,the product
becomes o0ily. Therefore benzene was added to the product and small
amount of water was also added to dissolve the block of sodium
acetate. The mixture of two phase solution with the unreacted pow-
der was filtered to eliminate the unreacted part and the benzene
phase was separated from aqueous phase.The benzene solution was
washed well with water and dried with sodium sulfate,then benzene
was recovered by distillation.The residue was extracted with ben-
zene by shaking at room temperature as above.

IR spectra were recorded by KBr pellet with the special care to
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eliminate the humidity.

Results and discussion

The reaction condition,products yield and solvent extraction
yield are listed in Table 1~2 and Fig 1~2. Under the nitrogen
pressure the yield of ethanol extraction increases with the pre-
ssure. The main reaction of NaOH-alcohol-coal system is the hydro-
lysis which results the splitting of ether linkages and contribu-
tes the reduction of molecular weightl)3 . But as pointed out
in the previous papers a slight hydrogenation takes place with
the hydrogen produced from the reaction of alcohol with NaOH.

This hydrogen is expected to act as a nascent hydrogen and under
the pressure it may be confined in the solution,which contributes
to the rise of reactivity.

The yield of extraction with ethanol for the products under‘
hydrogen pressure has the higher values than those under nitrogen.
The dissolution of atmospheric hydrogen into the solution may
contribute to the hydrogenation.

The rise of temperature also increases the extraction yield.
The yield of extraction with ethanol under hydrogen pressure
always has the higher values than those under nitrogen pressure.
The yield of extraction with benzene under nitrogen has the higher
values than those under hydrogen at the lower temperature,but at
the higher temperature the yield of extraction under hydrogen
becomes higher. This can not be explained well. The possibility is
that under hydrogen ether linkages split more than under nitrogen
and the product contains more of OH groups,which favors the solu-
bility into ethanol and limits the solubility into benzene.

(references)

1)K.Ouchi,M.Makabe,Nenryokyokaishi(J.Fuel Soc Hapan),b57,249(1978)
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Table 1.

solvent extraction yield at 300°C

Reaction conditions,product yield and

—
Initial Species* Product Solvent extraction yield$
pressure,MPaof gas yield % Pyridine Ethanol
0.1 N 84.1 98.1 47.7
H 87.0 95.6 83.5
2 N 89.1 93.7 68.4
H 89.7 95.6 86.8
5 N 87.9 91.9 69.3
H 86.4 97.0 91.0
8 N 87.9 95.9 74.5
H 88.5 95.0 88.1

* N:nitrogen, H:hydrogen

Table 2. Reaction conditions,product yield and
solvent extraction yield.
Reaction Species Product Solvent extraction yield$
temperature | of gas yield$%
°c Pyridine Ethanol Benzene
300 N 87.4 98.1 47. 35.7
H 89.7 95.6 86. 18.4
350 N 89.2 97.5 51. 42.9
H 91.0 98.6 72. 38.4
400 N 93.0 98.4 72.9 74.7
H - - 85.5 85.0
.
430
H - - - 70.8

* N:nitrogen 0.1MPa, H:hydrogen

298
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Characterization of Organic Functional Groups in
Model Systems for Coaly Matter Employing 19F NMR

H. C. Dorn, P. S. Sleevi, K. Koller and T. Glass

Dept. of Chemistry, Virginia Polytechnic Institute and State University
Blacksburg, Virginia 24061

INTRODUCTION

The characterization of complex organic mixtures has been explored using 19F
NMR to introduce a fluorine 'tag' into molecules containing hetero atom functional
groups. The 19p nMR approach was suggested because it is nearly as sensitive as
1A NMR and has a much wider range of chemical shifts (~375 ppm vs. ~15 ppm for lny.
This range indicates that fluorine chemical shifts are more sensitive to subtle
changes in molecular structure when compared to 1§, An added advantage of 19 NMR
is that most analytical samples of interest (e.g., coal products) contain no fluorine
alleviating the inherent background problem when compared with 14 and 13¢ NMR
Fechniques.

The use of 19F nmr to characterize organic functional groups was first
suggested by Manatt (1), who used trifluorocacetic anhydride as the reagent for the
introduction of a "fluorine tag" into the molecules of interest. Manatt examined
various trifluoroacetic acid esters formed from various alcohols which have char-
acteristic 19F nmr chemical shifts dependent upon whether the substrate was a
primary, secondary or tertiary alcohol. The general reaction for this reagent is
indicated below.

0 0 0

" tr "
(CF3 - C)20 + RXH -+ R-X-C-CF, + CF,-C-0-H where X = 0, 5 or N 1)

3 3

Later, other studies extended the trifluorocacetic anhydride approach to other
organic functional groups including phenols (2), steroids (3), and hydroxy groups
in poly(propylene oxides) (4).

Another 19F reagent, hexafluoroacetone, was suggested by Leader (5) for the
characterization of various functional groups. The adduct (formation of hexa-
fluoroacetone with active hydrogen compounds) is indicated below.

0 RXHn—l
" -> |
CF3-C—CF3 + RXHn <« CF3-(':—CF3 where X = 0, S or N 2)
OH

This reagent has been utilized for characterization of alcohols, amines, mercaptans
and other active hydrogen containing compounds (5-9). Preparation of the adducts

is easily accomplished in situ by bubbling the reagent gas (hexafluoroacetone) into
a solution of the sample and solvent. Although the equilibrium indicated in equa~-
tion 2 strongly favors the adduct product on the right for most primary alcohols

and many other simple systems, the equilibrium tends to shift to the left for more
complex and/or sterically hindered active hydrogen containing functional groups (10).
Obviously, this feature limits the scope of this reagent if quantitative data is
desired.

By comparison, it should be mentioned that 1H nmr reagents (i.e. hexamethyl=-
disilazane (11), acetic anhydride (12), dichloroacetic anhydride (13), etc.) have
also been developed for characterizing functional groups. Unfortunately, most of

301



these reagents typically yield 1y nmr spectra with relatively small chemical shift
ranges (0.1 - 0.4 ppm). That is, for even partial characterization of the various
possible functional groups encountered in coal product samples (e.g., phenols,
carboxylic acids, alcohols, etc.), the highest available nmr field strengths
(super-conducting magnets) are normally employed (14) with the "H nmr reagents
presently available. In contrast, the range of 19F chemical shifts for numerous
model systems observed for the hexafluorocacetone adducts and trifluoroacetyl
derivatives are ~10 gpm and ~1-2 ppm, respectively. These results reinforce the
basic premise that 19F nmr chemical shifts are usually more sensitive than 14 shifes
to subtle changes in molecular structure.

RESULTS AND DISCUSSION

In the present study, preliminary nmr examination of the reaction products of
the trifluoroacetic anhydride (19F nmr), hexafluoroacetone (19F nmr), and hexa-—
methyldisilazane (1H and 13¢ nmr) reagents discussed in the Introduction with
typical model compounds and actual solvent refined coal fractions indicate a
number of limitations with these reagents. This point is particularly true in
utilizing these reagents for relatively complex coal product samples. Based on
these initial findings, it was deemed appropriate to establish certain criteria
necessary for an "ideal" mmr reagent for general characterization of a wide range
of different functional groups. These criteria are listed below.

1) The ideal nmr reagent should not require harsh preparation conditions and
only very limited manipulations should be involved in the preparation
procedure.

2) The nmr reagent should react quantitatively and side reactions should be
kept to a minimum.

3) The scope of the nmr reagent would be enhanced if derivative preparation
could be accomplished in various solvents.

4) The nmr “probe nuclei" for the reagent should be very sensitive to subtle

changes in molecular structure.

Ideally, a cowplimentary feature of item 4 would be the availability of

selective nmr reagents. That 1s, reagents which would only detect the

presence of certain specific functional groups.

5

~

With these criteria in mind, new 19F nmr reagents have been examined. The
first of these is trifluoroacetyl chloride which yields the same derivatives as
the trifluoroacetic anhydride reagent (1-4) (Equation 3).

0 0
" "
CF3—C—C1 + R-X-H > CF3-C—X—R + HC1 where X =0, S or N 3)

This reagent is a gas (b.p. -18°C) and derivatives are easily prepared in situ
by bubbling the reagent into a solution consisting of the sample and solvent at
temperatures from ~-50°C to ~-10°C. Various solvents have been utilized including
chloroform or chloroform-d, tetrahydrofuran, and methylene chloride. The entire
preparation procedure can be carried out in the sample nmr tube. This represents
a distinct advantage in the derivative preparation when compared with the tri-
fluoroacetic anhydride reagent. In addition, the by-product of this reaction is
HC1 compared with CF3CO3H, the by-product formed with the trifluoroacetic anhydride
reagent, which in many cases causes a large interferring peak in the 19f spectra of
these derivatives. It should be noted, however, that if water is present in the
sample, the trifluoroacetic acid peak also appears in the °F nmr spectrum when
trifluoroacetyl chloride is the reagent.
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The initial phase of the trifluorocacetyl chloride study was an examination of
suitable trifluorocacetyl derivative preparation procedures, the range of 197 chemi-
cal shifts for model systems, and typical yield data for this reagent. A typical 19¢
spectrum for the trifluoroacetyl derivative obtained from benzyl alcohol is indicated
in Figure 1. The reference at 0.0 ppm in these spectra is 1,2-difluorotetrachloro-
ethane (CFC12CFCl3) and was the 19F reference employed in most of this work. The
trifluoroacetyl chloride reagent reacts with primary, secondary, tertiary alcohols,
benzyl alcohols, amines, phenols and thiols. The by-product of the reaction, HCI1,
does not interfere in the 19F NMR spectrum.

Certain reactions, particularly those of phenols and amines were quite slow.
A study was conducted to see if using a nucleophilic base would improve the
reactions. Those bases which were tried were pyridine, triethyl amine, 2,6-
lutidine, and 4-dimethylaminopyridine (DMAP). Based on reaction yields, 2,6-
lutidine and DMAP appear to be the best catalysts. It has been shown previously
that DMAP is an excellent acylation catalyst (17).

A side reaction which can occur using this reagent is the formation of tri-
fluoroacetic acid. This interference, however, can 2asily be removed by allowing
the reaction mixture to stand over a small amount of K9CO3. The acid peak is
entlrely removed from the spectrum. The peak which occurs from excess trifluoro-
acetyl chloride is also readily removed bty degassing the sample with Nj.

It appears that the derivatives formed using trifluoroacetyl chloride are
well-resolved in the F NMR spectra as indicated by figure 2 with only a couple
of regions of overlap. The overall chemical shift range is about 2 ppm. It
appears that this reagent will be useful as an analytical tool for characterization
of functional groups. All interferences in the spectzum can be removed and the
reactions occur in high yield with the proper choice of catalyst.

A second and entirely new class of 19F nmr reagents under examination is
fluorinated diazoalkanes. Diazomethane with and without a Lewis acid catalyst has
been extensively used in organic chemistry for preparation of methyl ester and
methyl ether derivatives (15). An obvious extension of this approach would be the
use of a fluorine containing diazo reagent.

The first fluorinated diazoalkane examined in this study was trifluorodiazo-
ethane (16). We have found that this reagent reacts smoothly with alcohols,
phenols and carboxylic acids at room temperature to -10°C in the presence of a
catalyst (typically HBF;) to yield fluorinated ethers and esters according to
equations 4 and 5.

CF

3\ HBF,
C=N=N + R—0-H — CF,-CH,~0-R + Nt 4)
s 2
H
CF 0 - 0
3\ " HBF, "
C=N=N + R-C-0-H — CF_-CH,-0-C~R + N, * 5)
/ 3 2 2
H

One of the disadvantages of this reagent using our present reaction conditions
is the water present in the added catalyst (50% water solution of HBF4;). The tri-
fluorodiazoethane reacts with the water to yield 1,1,l-trifluoroethanol and bis
(1,1,1-trifluoroethyl)ether.

19 R . 191 ,

The F spectra for thesederivatives appear as triplets (" 'F-"H coupling to

methylene protons). However, singlet spectra can be obtained by -H decoupling.
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F{gures 2 and 3 indicate the range of lgF chemical shifts observed for a number

of model compounds usingthe trifluoroacetyl chloride and trifluorodiazoethane reagent,
respectively. In general, the yields are somewhat higher for the trifluorodiazo-
ethane reagent. The chemical shift range, however, appears to be slightly larger
for the trifluoroacetyl derivatives. Nevertheless, both of these reagents have
potential advantages over other reagents previously employed.

Figure 4 is the first spectrum obtained from the acid fraction of an Amax
solvent refined coal (SRC) sample using the trifluoroacetyl chloride reagent. The
large peak at ~8.5 ppm is trifluoroacetic acid. The peak centered at ~7.6 ppm with
fine structure is undoubtedly due to phenols and perhaps benzyl alcohols. The
peaks between 7.7 ppm and 8.4 ppm indicate limited presence of aliphatic alcohols.
The broad peak centered at ~7.4 ppm has not been assigned at the present time.
Although these are only the first results obtained from the F nmr reagents, the
number of resolved lines in several SRC fractions indicate that the 19F nmr
approach is indeed a promising technique. Results applying the 197 nmr approach
to additional coal products will be discussed in this presentation.
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The Use of Acetylation to Quantitate
Acid Groups in Coal Derived Liquids

R. J. Baltisberger, K. M. Patel,
V. I. Stenberg, and N. F. Woolsey

Department of Chemistry
University of North Dakota
Grand Forks, North Dakota 58202

The determination of types of nitrogen and oxygen species in coal derived
products is an important problem to be solved in liquefaction research. Meth-
ods are needed which can rapidly isolate or characterize the nitrogen and
oxygen heteromolecules in complex mixtures. Two major types of problems
need to be solved. First, the types of functional groups can be identified by
specific chemical reactions, but such reactions must be quantitative to be of
use. Secondly, a large portion of coal-derived products formed in the early
stages of a liquefaction process are preasphaltenes, which limit any subse-
quent chromatographic procedures used to isolate compound types or mol-
ecular fractions. In this paper we shall describe the use of acetylation as a
means of measuring quantitatively the fraction of acidic protons in coal de-
rived products.

The similarity of the fractions of acidic protons measured by acetylation
techniques with those of acid-base titration data suggest that no alcoholic
groups are present in the SRL and SRC samples selected for this study. In
addition, the acetylation process greatly increased the dissolubility of the coal
derived substances in benzene and chloroform. Suchdissolubility would give
the opportunity for studies not accessible in pyridine. For example, the use
of NMR shift reagents in chloroform could be employed in structural analysis.

Experimental
Materials
Three solvent refined lignite (M11-A, M34-A and M39-A) and two sol-
vent refined coal (AMAX and Tacoma) samples were obtained and ground to
about 40 mesh for this study (1). Elemental analysis of the samples was per-
formed by Spang Micro-Analyticai Laboratory.
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NMR Spectra
Proton NMR spectra were obtained using a Varian EM-390 spectrometer.

Samples were dissolved in pyridine—d5 containing a calibrated amount of s-
trioxane as standard. Correction for pyridine was based on a standard ver-
sus residual pyridine integration. Generally, seven integrations were run
and averaged. Carbon 13 PFT-NMR were measured in a JOEL JNM-FX60
spectrometer. Chloroform-d1 was used as the solvent with TMS as an in-
ternal standard.

Non Aqueous Titration

Non-aqueous potentiometric titration of the acidic groups was carried out
in pyridine using 0.05M of tetra-n-butylammonium hydroxide in benzene as
the titrant (2). The emf was measured by a Beckman Zeromatic -pH meter with
a glass electrode and a simple side arm column reference electrode connected
by a salt bridge of KC1-dry methanol through a medium porosity filter to the

titration solution (3).

Acetylation
Samples of SRL or SRC (1,0g) were acetylated by refluxing for 24 h with

15 ml acetic anhydride-pyridine mixture (1:3) under an inert atmosphere of
argon. Subsequently, the reaction mixture was concentrated by rotovap to about
5 ml. The mixture was added to 250 ml water and the precipitatedderivative
filtered. The residue on the filter was washed with water until the effluent

was free of acid. The acetylated sample was freeze dried with benzene to
remove the last portion of residual pyridine. Finally, the sample was vacuum
dried at 80° in an abderhalden apparatus.

Acidic Proton Analyses

The acetylated samples were analyzed for acidic proton content by sapon-
ification~-titration, and by NMR measurement. The saponification of a dried
acetylated sample was carried out with 1.5 g potassium hydroxide in 100 ml
water-pyridine (3:1) by refluxing for 20 h. The mixture was then acidified
{(pH 3. 0) with concentrated sulfuric acid. The liberated acetic acid was collected
by distillation and titrated with standard sodium hydroxide.

Proton NMR measurements of the sample in pyridine-dg before and after
acetylation were used to measure the fraction of acid groups in the sample.
Prior to acetylation the acidic proton signals are located under the aromatic
region. After acetylation the methyl group of the acetyl group signals are in
the aliphatic region. The percentage H as acidic hydrogens can be calculated
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from (equation 1),

Ry~ Ry 2
% H as acidic H = x 10 (1)

2R1+1

where R1 is the fraction of the aromatic protons (area) in the acetylated SRC

and SRL samples and R, is the fraction of aromatic protons (area) in the non-

2
acetylated samples.

3 NMR was cal-

culated from the relative area of the carbonyl carbon (169 ppm) to the total

Measurement of the percentages of acidic protons by C1

carbon atoms and from the carbon-hydrogen elemental analysis (equation 2).

(C=0 Area) X (Wt % C) X 10°

[ Total Carbon Area - 2 (C=0 Area)] X 12 x (Wt % H).

(2)

%H as acidic H =

Results and Discussion

Dissolubility

Table I shows the chemical analysis of the SRL and SRC samples studied
in this work. The increased dissolubility of the coal derived products in sev-
eral solvents due to acetylation is shown in Table 2. The dissolubility in this
work was not run in the necessary manner to define the percentage of pre-
asphaltenes, asphaltenes and oils in the samples, but rather to demonstrate
the increased dissolubility obtained through the acetylation reactions. The
dissolubility was measured by mixing | gm of sample in 10 ml of solvent for
20hat room temperature. The mixture was filtered through Whatman number
one filter paper. The resulting filtrate and residue was dried and weighed.
The total recovery varied from 97 to 99%. One immediate benefit of this in-

creased dissolubility is that cl3

NMR techniques could be used to measure
the percentage of acetyl groups using chloroform-d, as the solvent. The re-
markable increase in dissolubility after derivatization of the acidic groups
can be attributed to the breaking of intermolecular hydrogen bonding {4,5).
Gould, et.al. have recently reported the silylation of coal liquefaction bot-
toms which resulted in a four to seven fold decrease in viscosity and 0 to 26%

increase in extrability in heptane (6).

Acid Content
Nonaqueous titration for acidity gave a range of 1.34 to 2. 22 meq/gm for
the corresponding to 2.5 to 4.0% protons as acidic protons. The pure com-
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pounds, carbazole and phenol, can be titrated with a precision of +3%. The

actual SRL and SRC samples give a wider range of uncertainty as shown in
Table 3. This is due to the presence of a wide range of weak acids which give
a poor titration break.

The acetyl group content of a derivatized sample was measured by differ-
ent methods. The saponification-titration proceduf e gave the same meq/gm
as the nonaqueous titration results. The results were converted to % H as
acidic H in Table 3 for comparison. The number of acetyl groups determined
by proton NMR (equation 1) agreed with both types of titration data. Acetylation
of model compounds (phenol, carbazole, and several hindered phenols) gave
complete acetylation of the acidic groups as determined by NMR measurement
of the products. The agreement between the three types of data would be con-
sistent with the following. 1) No acylation of the aromatic carbon of the aro-
matic rings in coal was apparent. The acylation of an aromatic carbon seems
remote under the reaction conditions, but in any case the agreement between
the saponification-titration and proton NMR data eliminates that possibility.
2) The presence of alcoholic hydrogens in the samples can be ruled out because
of the agreement between the acetylation and nonagueous titration data. If al-
cohol acetylation had occurred a similar quantity of phenolic groups would have
to remain unreacted for comparable results. That this would occur to the same
extent to agree with the nonaqueous titration seems extremely remote. To
check this point we are planning to measure total replaceable hydrogen content
by LAH reduction in pyridine. 3) The location of the acidic protons lies un-
der the aromatic portion of NMR spectra when the samples are dissolved in
pyridine. In our study of several model compounds, the chemical shifts of
OH (phenols) and NH (carbazole) hydrogens in pyridine-d are generally down-
field (between 9.5 to 6.3 ppm, aromatic region) depending upon the concentra-
tion (7).

Carbon-13 NMR integration data were generally lower than the other two
types of acetyl analyses as shown in Table 3. The precision also is poorer
as noted in Table 3. The reason for this is due to the small percentage of C=0
groups relative to the total number of carbons and the inability to properly
phase the baseline in the C=O region of the NMR experiment,
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Table 1

Comparison of Coal and Lignite Derived Samples

MI11-A M34-A M39-A Tacoma Amax
C% 89.31 86.74 87.47 87.31 88.29
H% 5.80 6.73 6.09 5.59 5.65
N% 1.11 1.63 1.11 2.36 1. 65
S% 0.86 1.15 0.74 0.30 <0.1
% 2.352 2.10P 3.57° 3.22% 3.37°
H% (Acid) 2.6 2.70 3.3 3.7 4.0
Ash % <0.1 1.7 1.0 - <0.1 <0.1
2 measured by neutron activation analysis bmeasured by difference

Table 2

Dissolubility in Various Solvents

Pyridine Benzene Chloroform
M11-A 96. 8 50 (90)? 60 (100)%
Tacoma 95.4 25 (80) 40 (100)
M39-A 96.5 48 (85) 62 (99)

2 The number in parenthesis indicates the dissolubility after acetylation.
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Table 3

Acid Proton Contents of Various Samples

Acetylated Samples and Direct
Saponification/ | Nonaqueous
Samples lH - nmr 13C nmr Titration Titration
MI1-A 2.6540.06% 2 2.0, 2.3% 2.57+0.05%2 2.6+ 0.3%°
M34-A 2,7+0.2 2.8 2.7 +0.2 2.5+0.2
M39-A 3.1+0.2 3.1, 3.3 3.3+0.1 3.3+0.1
Tacomall 3.9+0.2 3.1, 3.4, 3.5,3.7 3.7 +0.2 3.7 +0.1
AMAX 4.1+0.2 3.6, 3.9 4.0 +0.2 4.0%+0.2

8 The uncertainty reported is the standard derivation(1g) for four to five deter-

minations.
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DETERMINATION OF PROTONATED AND QUATERNARY CARBONS IN H-COAL LIQUIDS FROM
QUATERNARY CARBON SUPPRESSED AND NONSUPPRESSED CMR SPECTRA

Joseph T. Joseph and John L. Wong*

Department of Chemistry, University of Louisville
Louisville, Kentucky 40208

INTRODUCTION

The potentially rapid and accurate measurement of the carbon distribution by
structural types in a coal liquid is an attractive application of 13¢ FT-NMR spectro—
scopy. Extensive CMR work has been carried out in many laboratories on coal-
derived liquids. As part of a continuing program to study the physicochemical
properties of the H-Coal liquids to provide analytical support for the commercial
development of the H-Coal process(2), we have made further application of quanti-
tative FT~CMR technique to determine the distribution of several types of aliphatic
and aromatic carbons in three H-Coal 1liquids. In order to confirm the interpretation
of the highly complex spectra based on chemical shifts, use has been made of the
difference in CMR absorptivity of protonated and quaternary carbons as a means to
distinguish between them. We have demonstrated the reliability of this difference
by comparing the quantitative CMR spectrum of a simulated coal liquid containing 30
peaks (15 each in the aliphatic and aromatic region) with the spectrum of the same
mixture obtained with a Fourler transform parameter set wherein the quaternary
carbons are suppressed. This difference CMR technique has been applied to three H-
Coal 1liquids: atmospheric still overhead (ASO), atmospheric still bottom (ASB), and
vacuum still overhead (VSO). There is no discernible amount of aliphatic quaternary
carbon found in these liquids. In the aromatic region, the ring carbons are divided
into six subgroups by ring substitutions. The three liquids are thus compared by
structural classification and quantitation of their CMR spectra.

EXPERIMENTAL

The liquefied coal samples under investigation were received from the Imstitute
for Mining and Minerals Research, University of Kentucky. The liquefaction was
performed by the H-Coal process involving a catalyst in the "syncrude" mode with
reactor temperature at 454°C, exit reactor partial pressure of hydrogen at 2245 psig.
The samples were designated atmospheric still overhead (ASO), atmospheric still
bottom (ASB), and vacuum still overhead (VSO). The nominal boiling ranges of these
samples are ASO Cy4 - 200°C, ASB 200~350°C, VSO 350-5209C(2). Chemicals were pur—~
chased from Aldrich Chemical Co.

A Bruker WH-90DS nuclear magnetic resonance spectrometer with a 10 mm probe
and a Nicolet BNC 1180 computer (16 K memory) was used in the Fourier transform
mode to obtain the 13¢ spectra at 22.63 MHz. The FIDs were accumulated on 8K memory,
using an acquisition time of 0.819s. A 5000 Hz spectral width with 200 microseconds
dwell time was used in all spectra. The quantitative spectra were obtained at 30°
pulse width with 5s delay between the end of data acquisition and the beginning of
the next pulse for ~10,000 pulses. During the delay, the proton spin decoupler was
gated off, but a 5.0 watt decoupling power was applied while scanning. The relax-
ation agent Cr(acac)3 was used at 20 mg/g of sample. For the quaternary carbon-
suppressed spectra, the following FT parameters were adopted: 90° pulse width, no
pulse delay, broad band proton decoupling at 5.0 watt for ~10,000 scans, and no para-
magnetic relaxation agent added.

The H-Coal samples were prepared by adding 1.0 g of of the respective coal
liquid to 1 ml of CDC1l3 containing 1% of tetramethylsilane. The solvent CDCl, also
served the purpose of internal deuterium lock. For the simulated coal liquid; the
following mixture was made up: t-butylbenzene (69.0 mg, 0.515 mmol), -decalin (77.2
mg, 0.559 mmol), tetralin (77.5 mg, 0.587 mmol), 2-phenylpentane (76.4 mg, 0.516

317



mmol), and 2,3-dimethylnaphthalene (75.9 mg, 0.487 mmol), and CDC1l, was added
to make a 2 ml solution. When the spectra were calibrated for integration, a
weighed amount of dioxane in a sealed capillary tube was placed along the axis
of the 10 mm nmr tube with the aid of a vortex—type plug.

RESULTS AND DISCUSSION

The quaternar{ carbons which are devoid of protons in their immediate vicinity,
hence lacking the 3¢ - 1y dipole-dipole relaxation mechanism, are expected to have
long spin-lattice relaxation recovery times (T;). This makes the signal intensity
very dependent on the pulse repetition rate. The presence of nuclear Overhauser
enhancement (NOE) for the protonated carbons further accentuates the difference in
absorptivity between these two types of carbons. Thus, in a normal broad band proton
decoupled CMR spectrum, the quaternary carbons show much reduced signal intensities
relative to others. We have quantitated the differences in absorptivity for carbons
with various levels of proton attachment (1°, 2°, 3°, and 4°) using a simulated coal
liquid (Cf. Experimental). This mixture is comprised of 25 aliphatic carbons
(primary 7, secondary 14, tertiary 3, and quaternary 1) and 28 aromatic carbons
(protonated 20 and quaternary 8) as shown below. The aromatic and aliphatic
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regions of this spectrum are shown in Figures 1A and 2A respectively. This set of

FT parameters tend to equalize all signal intensities per carbon unit irrespective
of their molecular environment. Thus, the one aliphatic and eight aromatic quater-
nary carbons were separately integrated to yield absolute value within 5% deviation
from the theoretical. On the other hand, when the spectrum was taken in the absence
of Cr(acac), using broad band decoupling at 90° pulse width and no delay, vast vari-
ations of tﬁe signal intensities including suppression of the quaternary carbons were
registered. The respective aromatic and aliphatic regions shown in Figures 1B and

2B reveal the differences from those in Figuves 1A and 2A. In order to quantitate
these changes, the height of each peak in both spectra was normalized to either the
tallest peak at 6125.47 (protonated carbons IIIc and Vb) or to an internal standard
of dioxane. The normalized peak height of each peak in the quantitative spectrum is
expressed as a ratio to that of the same derived from the quaternary carbon suppressed
spectrum to show the signal intensity changes in the latter spectrum. These reults
are shown in Table I. It can be seen that the two columns of peak height ratios
point to the same trend and agree to within 7% of deviation. Thus, the dioxane
methylene carbons and the aromatic methine carbons IIIc and Vb exhibit similar
relaxation characteristics and are both adequate as integral references. In the
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nonquantitative spectrum, the eight quaternary aromatic carbons appearing in 5
peaks average a 5 fold decline. The twenty protonated carbons in ten peaks
increase by ~20% per carbon. The single aliphatic quaternary carbon 1s suppressed
4.7 fold, while the 14 peaks representing 3 tertiary, 14 secondary, and 7 primary
aliphatic carbons average an increase of 0%, 37%, and 437% per carbon respectively.
Although these peak enhancements of various protonated carbons are similar, hence
not diagnostic of the extent of proton attachment, it is demonstratably clear that
the quaternary carbons can be confirmed by this difference CMR method due to their
pronounced peak height changes.

Thus, the H-Coal liquids ASO, ASB, and VSO were submitted to close examination
by the difierence CMR technique. The comparisons for the aromatic and aliphatic
regions are shown in Figures 3 and 4 respectively for ASO, Figures 5 and 6 for ASB,
and Figures 7 and 8 for VSO. In each figure, spectrum A is the quantitative type
and B the quaternary carbon-suppressed type. Those peaks which have disappeared or
declined in intensity by at least 3.8 fold for ASO and ASB and at least 2 fold for
VSO are assigned to the quaternary aromatic compounds either as bridge carbons in a
‘condensed ring system or carbons to which alkyl or aryl substituents are attached.
The remainder of the aromatic resonances therefore belong to the protonated carbons.
It is interesting to note that the aliphatic regions for all three liquids show no
discernible difference when the two types of spectrum are compared, indicating the
absence of quaternary branching in the saturated carbon skeletons.

The chemical shifts of unsubstituted carbons in mono, di, tri, and tetra aromatic
ring systems fall in a narrow range of 123 - 130 ppm(3:4). When the benzene ring
bears heteroatom substituent such as OH or OR, the protonated carbons are shifted
upfield considerably, e.g. to 113 ppm in m-cresol and to 106 ppm in benzofuran(5) .
In the region of 130-133.8 ppm, most of the condensed-ring bridge carbons can be
found(3,4). However, in a highly condensed system such as pyrene, the interioi
bridge carbons resonate at 125 ppm due to the anisotropic ring current effect 3,
The 133.8 - 137.3 gpm region is appropriate for substituted carbons in tetralin and
methylbenzenes(3'5. Short chains (Et, Pr, iPr, etc.) tend to shift the substituted
carbons downfield to 149 ppm(3,5), Also, an alkyl substituent at C-8 in tetralin and
particularly gem-substituted tetralins can bring the bridge carbon C-8a to the
140°'s(3), Biphenyls also appear in this region 5), Beyond 149 ppm, the aromatic
carbons carrying a heteroatom group such as OH or OR appear(lca5§. Such chemical
shift analysis in combination with the difference CMR method to determine the quater-
nary and protonated carbons permit a reasonable interpretation of the aromatic reson—
ances in the H-Coal liquids. 1In Table II, the distribution of the aromatic carbons
in ASO, ASB, and VSO are shown as obtained from the integration of the chemical shift
regions indicated. The one quaternary carbon detected in ASO at 127.1, at 124.4 in
ASB and at 124.7 in VSO may be attributed to highly condensed interior carbon. The
absence of other reduced signals in the 123 - 130 ppm region conflrms the assign-
ment of this region to the protonated carbons. The patterns of the distribution of
aromatic carbons in the three liquids generally denote the more condensed ring systems
with higher branchings in the VSO liquid, whereas ASO and ASB are more similar.
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Table I,

Peak

CoudhupswN=

A,

B.

Ratios of Carbon Peak Heights from Quantitative and Quatermary

Carbon Suppressed CMR Spectra of the Simulated Coal Liquid?

Aromatic Region

§ Assignmentb Peak Height Ratios

™S = 0 Notation Carbon Internal Dioxane
Type Reference® Reference

151.0 if 4° 6.4 6.1
147.9 vi 4° 5.7 5.4
137.1 1Ile 4° 4,5 4,2
135.4 vE 40 4,2 3.9
132.5 Ve 40 5.4 5.1
129.1 1114 3° 1.0 1.0
128.3 ivh 3° 0.8 0.7
128.1 Ie 30 1.0 1.0
127.4 vd 3° 0.8 0.7
127.0 Ivg 3° 0.9 0.8
126.9 Ve 3° 0.8 0.8
125.8 - IVE 3° 0.9 0.9
125.5 Iilc,Vb 30,30 1.0 0.9
125.3 1d 3° 1.0 1.0
125.0 ic 3° 0.8 0.8

Aliphatic Region

43,5 1if 3 1.2
40.8 ive 3° 0.8
39,7 1vd 20 0.9
35.4 ile 3° 1.3
34.6 ib 40 5.0
34.3 11d 20 0.8
31.3 1a 1° 0.7
29.4 IIb,IIc 29,2° 0.8
26.8 1Ib 20 0.9
24,8 Ila 20 0.9
23.3 Iila 20 0.7
22.3 IVc 1° 0.7
20.9 Ivh 2° 0.7
20.1 Va 1° 1.0
14.2 Vs 1° 0.7

28 A mixture of t-butylbenzene (I), decalin (II, cis:trans 1:4)

]

.

.

C00COOCOCOOCOLMHOOM
= WV-IEN  ~ N = RN [ R N e s

tetralin (III), 2-phenylpentane (IV) and 2,3-dimethylnaphthalene
(V) was made up in mole fractions of 0,1955, 0.2105, 0.2180, 0.1955

and 0.1805 respectively.
According to The Sadtler Standard Carbon-13 NMR Spectra6b

Peak heights are normalized to the tallest peak at §125.47 (protonated

carbons, IIIc and Vb)
Peak heights are normalized to the capillary dioxane peak.
footnote a in Table I.
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Table II. Distribution of Aromatic Carbons in H-Coal Liquids by

Structural Types

Benzene Ring Chemical Shift % Distribution
Carbon Types Range, ppm ASO ASB VSO
CH, OR subst. 111-123 3.4 12,0 9.7
CH, Unsubst. 123-130 53.0 49,2 46,1
CR, Condensed 130-133.8 11.7 11.4 14.9
bridge
CR, Tetralin 133.8-137.3 13.4 11.5 10.4
& Me Subst.
CR, Aryl & 137.3-149 18.5 15.9 18.8
Branched Alkyl
C-OR 149-160 a b b
2 No discernible signals are found.
b A few low intensity signals are observed but they are too small
to integrate.
Figure 1 Aromatic Regions of the Quantitative (A) and Quaternary Carbon
Supressed (B) CMR Spectra of the Simulated Coal Liquid.
Figure 2 Aliphatic Regions of the Quantitative (A) and the Quaternary
Carbon Suppressed (B) CMR Spectra of the Simulated Coal Liquid.
Figure 3 Aromatic Regions of Quantitative (A) and Quaternmary Carbon
Suppressed (B) CMR Spectra of ASO,
Figure 4 Aliphatic Regions of Quantitative (A) and Quaternary Carbon
Suppressed (B) CMR Spectra of ASO,
Figure 5 Aromatic Regions of the Quantitative (A) and Quatermary Carbon
Suppressed (B) Spectra of ASB
Figure 6 Aliphatic Regions of the Quantitative (A) and Quaternary Carbon
Suppressed (B) CMR Spectra of ASB
Figure 7 Aromatic Regions of the Quantitative (A) and Quaternary Carbon
Suppressed (B) CMR Spectra of VSO
figure 8 Aliphatic Regions of the Quantitative (A) and Quaternary Carbon

Suppressed (B) CMR Spectra of VSO
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CARBON-13 NMR STUDIES OF COALS BY CROSS POLARIZATION AND
MAGIC-ANGLE SPINNING

F. P. Miknis

U.S. Department of Energy, Laramie Energy Technology Center
P.0. Box 3395, University Station, Laramie WY 82071

and
G. E. Maciel and V. J. Bartuska

Department of Chemistry, Colorado State University
Fort Collins CO 80523

INTRODUCTLON

Knowledge of the chemical structures of the organic compounds in fossil fuels is
essential for a fundamental understanding of these important materials and how to
utilize them most effectively. For solid fossil fuels (e.g., oil shales and

coals) this kind of chemical characterization has been difficult because many of
the most powerful analytical techniques for organic structure determination, in-
cluding conventional nuclear magnetic resonance (NMR) have required liquid samples.
However, for coals and oil shales only small fractions of the organic constituents
can be dissolved under conditions for which one can be confident that the struc-
tural integrity of the organic compounds is retained.

Until recently NMR spectra of solid samples have usually consisted of featureless,
broad resonances with little or no useful information avail?gle regarding molecular
structure. Recently, it has been demonstrated that useful C NMR spectra can be
obtained on solid samples by using some newly developed techniques.

Standard continuous wave or pulse Fourier transform NMR approaches on powdered or
??orphous samples give very broad lines of g?gerally low intensity. The breadth of
C resonances is due to the manifold of H- -C dipole-dipole interactions and the
chemical shift anisotropy resulting from random orienfation of the molecules in the

sample. The low signango-noise ratio found in such “C NMR spectra is at least
partly due to the long -“C spin-lattice relaxation times (T,) characteristic of
solids and the fact that repetitions of the erriment are lhereby ?onﬁgrained to
long time intervals. Pines, Gibby and Waugh ’“ have shown how the H- -C dipole-
dipole problem can be eliminateq3by a high-power 'H decoupling method which aiso
provides an enhancement in the “C NMR signal and effectively deals with thg Brgb-
lem of long T]'s. This approach has previous been applied to coal samples.”’ "’

The remaining line broadening source one would like to remove, chemical shift
anisotropy, can be eliminated by rapidly spinning the sample about an axis at an
angle of 5h°6h9'8 the ''magic-angle,'" with respect to the axis of the static mag-
netic field. *'*" A combination of cross polarizat§on and magic-ang]s_ﬁainning
techniques has provided promising spectra for coals” and oil shales.

While anticipated improvements in the ]3C techniques--e.g., using larger static
magnetic fields~-may provide more detailed structural information, valuable infor-
mation on the aromatic/aliphatic character of coals is presently obtainable using
CP~MAS techniques. This paper provides information at that level on some represen-
tative coals and coal-derived materials.
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EXPERIMENTAL

The coals on which ]3C NMR measurements were made include a Texas lignite, three
Wyoming subbituminous coals (two from Hanna, one Wyodak), an 11linois bituminous,
two Indiana bituminous, two eastern bituminous coals and an anthracite. In addi-
tion, the following coal-derived materials were studied: metallurgical coke; a
Hanna coal that had been subjected to reverse combustion; and a solvent refined
cogl derived from the Wyodak coal. Each sample was studied as a powder, about 1.4
cm” in each case.

The ]3C]N§R measur?ments were based upon the single-contact cross polarization
ethod. '’ A 90° 'H pulse is applied7 fgllowed by a 90° phase shift, ?fter which

H rf power is maintained during the -'-“C cross polari?gtion and for 'H decoupling
during data acquisition. Radio frequency power at the “C resonance frequency is
applied according to the Hartmann-Hahn con gtion during the contact period and then
turned off during the period in which the -“C resonance frequency of 15.1 MHz on a
home-built spectrometer, using a 14 kgauss magnet.and a commercially available]3
Fourier transform data system. The H, field for 'H was 10 gauss and that for ~C
was 40 gauss. Magic-angle 7pinning rates of 1.9 to 2.4 kHz were Echieved with a
spinner of the Andrew type,’ using air pressure of 13 to 20 1b/in”. All spectra ab-
tained using magic-angle spinning resulted from data accumulated from 4000 scans.

RESULTS

Before truly quantitative results can be reported from ]3C NMR techniques of the
type employed in this study, a great deal of calibration work will be required with
standards, and the detailed dynamics of the cross polarization phenomenon will have
to be characterized for each coal type. Such work is not yet completed, but was

not considered a prerequisite for reporting the egsence and qualitativg significance
of the present results. VanderHart and Retcofsky and Bartuska et al.” have pre-
viously discussed the problems of obtaining quantitative analytical data from cross
polarization experiments.

In order to choose a reasonable set of experimental parameters, which could be ex-
pected to give integrated intensities of at least semiquantitative significance,
parameter variations were carried out in experiments on the tl1linois bituminous
sample. The contact gro?s polarization) time, which must be chosen t?_gonform
with the dynamics of “C-'H cross polarization and H T, constraints, was
varied over the following values: 0.5 msec, 1.0 msec, %.O msec, and 5.0 msec.
Using a repetition time of 4.0 sec, we measured the integrated signal intensity of
the "‘aromatic'' and '"nonaromatic' carbon resonances and the apparent carbon fraction
found in the aromatic region, f_ (aromaticity); these values were found to be 0.75
and 0.76 for | msec and 3 msec,aand 0.72 and 0.68 for 5 msec and 0.5 msec, res-
pectively, for the contact time. The best signal-to-noise ratio (S/N) was found
for the 1 msec contact time; S/N deteriorated badly at 5 msec. Choosing the 1 msec
contact period, we repeated,the experiment with a repetition time of 8.0 sec, ob-
taining a 0.74 value for f_ . Settling on 1 msec and 4 sec contact and repetition
times, respectively, all cFPoss polarization results reported in this paper were ob-
tained using these parameters.

In order t¢ check that by using the above-mentioned experimental parameters rea-g
sonable f_ values would be obtained in cross polarization experiments, we made ~C
NMR measuFements on the Il1linois bituminous sample by Tsing the pulse Fourier trans-
form method, with magic-angle spinning and high-power 'H decoupting, but without
cross polarization. Intensity data of such experim?nts are still subject to uncer-
t?inti?g associated with nuclear Overhauser effects = and differing relaxation
times, ~ but such uncertainties are entirely different from those associated with
the cross polarization approach. When pulse repetition times of 30 and 99 sec were
employed, fa values of 0.71 and 0.77, respectively, were obtained. Hence, while
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there is no guarantee that the same cross polarization parameter set (1.0 msec and
4.0 sec) will serve equally well for all of the coal samples, indications are that
this set leads to no major intensity distortions for the I[1linois bituminous sample,
and is a reasonable set to employ in the present survey.

DISCUSSION

An example of the advantages of magic-angle spinning in conjunction with cross
polarization and high-power decoupling is shown in Figure la and b for the Hanna
subbituminous coal. Clearly, the main structural distinction that can be made is
between aliphatic and aromatic carbons. The spinning case shows much better resolu-
tion because the chemical shift anisotropy, which is evident in the aromatic region’
of Fig. la, has been eliminated. Aromaticity values are determined by dividing the
integrated intensity of the aromatic band by the integrated intensity of the com-
plete spectrum,

A ]3C spectrum of the Hanna coal which had been subjected to reverse combustion at
500°C is shown in Fig. lc. The spectra clearly show depletion of the aliphatic car~-
bons, relative to the aromatic carbons. Similarly, the CP-MAS spectra of a Wyodak
coal (Fig. 2a) and its solvent refined product (Fig. 2b) show that the solvent re-
fining process increases the aromaticity of subbituminous coals. These examples
suggest the use of CP-MAS techniques for studies of coal combustion and processing.

’3c NMR spectra of 3 series of coals of varying rank are shown in Fig. 3a-f. This
simple montage of ' “C spectra shows quite graphically that the aromaticity of coals
increases with increasing rank. The metallurgical coke is included because it had
a measured f_ of 1.00. A matter of concern regarding quantitative measurements in
CP-NMR of soTids is whether all the carbon types in the sample are being polarized
equally, particularly aromatic carbons in condensed systems. The fact that the f
of the coke yielded a very reasonable value of 1.00 implies that all of the car-
bons in fae goal are being observed. Recent work on oil shales also addresses this
problem. !

One fuel property that would be interesting to relate to structural features is the,
heating value. Figure 4 §hows a plot of the heating values of the coals vs. the f
values derived from the “C spectra. That a simple correlation is not found is

not surprising, as a variety of variations occur within these samples. In progress-
ing from a lignite to a bituminous coal to an anthracite, the percent organic carbon
of the material increases, which tends to increase the heating value.

An increase in f by itself, would tend to decrease the heating value, as can be
seen from the Fo?lownng heats of combustion: benzene, 782.3 kcal/mole; cyclohexane,
937.8 kecal/mole; n-hexane, 989.8 kcal/mole; phenol, 732.2 kcal/mole; cyclohexanol,
890.7 kcal/mole. In addition, within a collection of coal samples there are sub-
stantial variations in the percent oxygen, nitrogen and sulfur--i.e., in the oc-
currence of oxygen-, nitrogen- or sulfur-containing organics. Oxygen-containing
species tends to decrease the heating value of a coal, for a given amount of carbon,
as seen from the following heats of combustion: benzene, 782.3 kcal/mole; phenol,
732.2 kcal/mole; cyclohexane, 937.8 kcal/mole; cyclohexanol, 890.7 kcal/mole; tolu-
ene, 934.3 kcal/mole; benzyl alcohol, 894.3 kcal/mole; benzoic acid, 771.2 kcal/
mole.

In viewing variations of heating values of coals, if one wishes to eliminate the
factor due to percent organic carbon in the coal, the heating value per pound of,
carbon (maf) is of interest. Figure 5 shows a plot of this heating value vs. f
Note that, if the organic constituents of coal were strlctly,hydrocarbons, such?

a plot would be expected to show a decrease in BTU/1bC as f increases, reflecting
the heat of combustion pattern stated above. Instead, Figufe 5 shows a nearly
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constant value of about 1.75 x th BTU/1bC for codls with apparent aromatic frac-
tions ranging from 0.70 to 0.75 and a fall off on both sides of that fa range.

This pattern can be understood as follows: As stated above, if coal wefe composed
of only hydrocarbons, the trend would be to lower BTU/IbC for higher f_  values.,
This trend is responsible for the fall off of the curve for the highes? three f
values. However, organic compounds containing oxygen, but equivalent numbers

of carbon atoms have lower heats ¢f combustion than analogous hydrocarbons. The
coals with the lTowest observed f values, which might have been expected have the
highest BTU/IbC values, also havé the highest total oxygen contents (maf), and their
lower BTU/1bC values may be associated with these high oxygen contents. The coals
with highest f_ values (0.81, 0.95, and 1.0) have very low oxygen,contents, and
there is a roughly decreasing progression of oxygen contents as f increases from
0.59 to 1.0. Hence, there are two competing influences on the BTH/1bC parameter,
giving rise to the broad maximum at about 1.75 x 10° BTU/1bC.
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Aromatic  Aliphatic

A) Non-spinning

B) Spinning

C).Reverse Combustion
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Figure 1.C NMR Spectra of Hanna, Wyoming Coal
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Figure 2.C NMR Spectra of Wyodak Coal and SRC Product
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THE EFFECTS OF T1 AND NOE CONSIDERATIONS IN QUANTITATIVE APPLICATIONS OF CARBON-13
NMR TO THE ANALYSIS OF COMPLEX HYDROCARBON MIXTURES

Terry D. Alger, Ronald J. Pugmire, W. David Hamill, Jr., and David M. Grant

Departments of Chemistry and Mining and Fuels Engineering, University of Utah,
Salt Lake City, Utah 84112

I. Introduction

Since the signal intensities of a nuclear magnetic resonance spectrum are
dependent upon the number of given nuclei present in a compound, nuclear magnetic
resonance can be a strong analytical tool for quantifying the amounts of material
present in a sample. In many compounds of interest which contain carbon, carbon-
13 magnetic resonance (cmr) spectra are of particular value as an analytical tool
since the spectra can be void of multiplet structure due to 13C-13C splittings
(if carbon js in natural abundance only) and can be void of multiplet structure
due to 1H-13C splittings (if noise-modulated proton decoupling techniques are used).
Moreover, a range of chemical shifts of over 200 ppm for common functional groups
assist greatly in resolving individual peaks in any given spectrum (1). Thus under
such experimental conditions, each 13C nuclear environment is represented by a
single !3C resonance. In complex mixtures of hydrocarbons resulting from coal
liquification, these qualities of cmr make 13C spectra particularly useful. Such
coal mixtures can contain hundreds of compounds, and may be quite viscous. In
such mixtures, !3C spectra have been used by various workers to quantify the amount
of a given compound, as well as to quantify the amount of aromaticity in given coal
derivative samples (2-4).

Nevertheless, there are some problems attendant with the 13C nmr technique and
the usefulness of the 13C signal intensity as a quantifiable parameter. To begin
with, !3C nuclei in natural abundance amount to only about 1.1%. 1In complex mix-
tures of multiple compounds, signal sensitivity therefore becomes a problem.
Fourier transform methods of data acquisition with repeated pulse sequences and
data storage for signal averaging, has somewhat overcome such complications (4).
However, such Fourier techniques themselves lead to other problems. To ensure
that the time necessary to store sufficient transients is not inordinately long,
it is desirable to repeat the pulse sequence as rapidly as possible. Nevertheless,
the delay time between successive pulse sequences (individual transients) is de-
pendent upon the spin-lattice relaxation times (T,) of the 13C system. If the
next pulse sequence is begun before any given 13C signal has had an opportunity to
relax to its thermal equilibrium value, saturation effects occur, and the resultant
13¢ signal intensity is not maximized. For hydrocarbon systems which contain a
wide variety of carbon-13 relaxation times from fairly short (2 sec) to fairly
long (200 sec), this Sreates a problem. Reasonable delay times of 1-10 seconds
between successive 90 pulses would most Tikely saturate the 13C signals with
long relaxation times (200 sec) so that less than 10% of the p8531b1e signal would
be observed. In contrast, delay times of 1-10 seconds with 90~ pulses could
permit nearly 90% of the signals to be observed if the relaxation times were short
(2 sec). Under such variable saturation effects, the }3C signal intensities would

be difficult to relate to quantifiable results (4).

For hydrocarbon systems which result from coal derivatives, such wide vari-
ations in relaxation times are a reality. Spin-lattice relaxation times in
acenaphthene have been reported to vary from 3.1 seconds for the 13C nuclei with
two protons attached, to about 150 seconds (5a,5b,5¢) at the internal
bridgehead carbon. A similar range of the spin-lattice relaxation times for the
protonated and non-protonated carbons in pyrene has been observed. . Singe de1ayO
times of 5T, are necessary to ensure complete relaxation following a 90  or 180
pulse (6), some other method must be found for taking 13C signal intensities in
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hydrocarbon systems with long relaxation times. Repeated pulse sequences (1,000
to 10,000 transients) with delay times of 1,000 seconds (5T;) become prohibitively
long to run (for example, 10,000 transients with delay times of 1,000 sec between
transients would take 116 days per spectrum).

Another problem inherent in the proton-decoupled !3C spectra relates to the
Nuclear Overhauser Effect (NOE) experienced by the 13C signals when the coupled
4 nuclei are doubly irridated. It has been observed that !3C intensities are
enhanced when coupled !H signals are irridated by a saturating second frequency.
The value of the NOE is determined by the ratio of S =/So. (The 13C signal in-
tensity after the proton decoupler has been on long enough to establish equilib-
rium is Se So is the signal intensity without proton decoupling) (7). Depending
upon whether a given nucleus is dominated by dipole-dipole relaxation, or by
other relaxation mechanisms, the value of NOE can vary from 3 to 1, respectively
(8,9). In the hydrocarbon systems of coal derivatives, it appears that the NOE
factors can vary over the maximum ranges (being about 3 if protons are directly
attached, and as low as 1-2 if no protons are attached). Hence, variations in
NOE enhancements of !3C signal intensities representing the same number of 13C
nuclei could vary over a magnitude of 1-3 (8). This is hardly acceptable for
quantitative studies. Thus, some means of either quickly determining the NOE
factors for each 13C signal must be found, or else some means of eliminating
the NOE enhancement must be used.

In an effort to address the preceeding problems we have obtained T; and NOE
values on a number of model compounds (polycyclicaromatic hydroaromatic, and
alkylated aromatic hydrocarbons) which are thought to have representative values
similar to those found in complex hydrocarbon mixtures. The T, and NOE values
thus obtained provide valuable information on relaxation processes, range of
values expected, and details of molecular motion.

II. Experimental

The T, and NOE data were taken at 25 MHz and 75 MHz on Varian XL-100-15
and SC-300 FT spectrometers, respectively. T;'s were obtained by the {inversion
recovery method (10) while NOE values were obtained by a two point gated decoupling
method.

IIT. Results and Discussion

We have obtained T, and NOE data on napthlalene, tetralin, acenaphthene,
pyrene, symmetrical hexahydropyrene, phenanthrene, 1,2,3,4,5,6,7,8, octahydro-
phenanthrene, xanthone, and phenyloctane. This group of compounds represent a
set of structural types representative of many moieties known to occur in coal
derived 1iquids. In terms of general relaxation considerations the data can be
considered, for convenience, in terms of protonated and non-protonated carbons.
Protonated carbons are found, within experimental error, to exhibit essentially
a full nuclear overhauser effect and the dipolar relaxation mechanism thus is
dominant (11). The T; values at 25 MHz for all protonated carbons examined fall
in the range of 2-11 second. Similar values are observed at 75 MHz. The non-
protonated carbons, however, fall in the range 28-240 seconds at 25 MHz with the
higher numbers associated with the PAH's where the 1/r& , term in the relaxation
expression rapidly alternates the efficient carbon—hyd?GH intramolecular dipolar
relaxation mechanism.

Some very interesting results are observed for the non-protonated carbons at
75 MHz. The T, values are shortened considerably indicating significent contri-
butions made by chemical shift anisotropy at high fields. Using the rate ex-
pression (11) 1 =1 + 1 1

T Tlo TICSA 1,0 1)

1
and assuming that 1/T? approaches zero for the systems in question (which, based
on the low and high field data, is justified), one can readily calculate dipolar
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contributions of 88, 413, and 127 seconds, to the relaxation rates at C-9,10,C-11,
and C-12, respectively by assuming isotropic motion of the molecules. The
chemical shift anisotropy term is 88, 73, and 54 seconds, respectively for these
carbons. In the case of pyrene the contribution from chemical shift anisotropy

is even greater with contribution of 35 and 38 seconds for carbons 11,12,13,14

and 15,16 respectively. Hence, relaxation constraints are much less severe at
high fields than those encountered using iron core magnet NMR technology.

Based on the data obtained to date, we estimate that the non-protonated
carbons at C-15,16 in pyrene represent the longest T; values one would expect
to encounter. Using mixtures of these compounds we have varied spectrometer
operating conditions in order to arrive at an optimal set of parameters for use
on coal derived liquids. Details of the results of these studies at 25 and 75
MHz will be forthcoming.
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TABLE 1

Relaxation Parameters in Pyrene and Acenaphthene

25 MHz 75 MHz
COMPOUND POSITION T 7 ($0.2) T n(10.2)
Acenaphthene 1,2 3.1+0.2 3.0 3.1 1.95
3,8 5.6+0.8 2.8 6.010.4 1.85
4,7 5.6+0.8 2.8 6.610.5 1.85
5,6 6.4+0.9 2.8 6.5+0.4 1.85
9,10 87410 2.3 44+2 1.0
1 208+30 1.8 62+7 0.4
12 128+10 2.1 38+3 0.4
Pyrene 1,3,6,8 8.0+0.4 1.9 4.940.4 2.0
2,7 6.8+0.2 1.9 4.5+0.3 2.0
4,5,9,10 7.2+0.8 1.9 5.440.2 2.0
11,12,13,14 135+10 1.2 26.2+1.4 0.51
15,16 240+30 0.6 35.1+3.5 0.17
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Hydrogenation Reactivity of Petrographic Composition of Coal
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Introduction

With special regard to the characteristics of high pressure hydrog??ation
of the petrographic chposition of coal, in the past reports by Bergius'/, Wright
et al2), Fisher et a13) are available, and more rec nt}y we have reports on the
results of work by Given, Davis and Mitchell et al4)-7). According to these reports,
among the 3 maceral groups of coal, namely vitrinite, exinite and inertinite, it
has been pointed out that the reactivity of vitrinite and exinite are high.

Among the coals produced in Australia, while there are rather large number
of coals with a relatively high inertinite content, and whereas the main component
of inertinite is semifusinite, generally the scarcity of fusinite is characteristic.
While it is generally accepted that the hydrogenation reactivity of fusinite is
low, no reports regarding semifusinite seen to be available.

In the present report we conducted liquefaction experiments by hydrogenation
reaction on hand picked vitrinite concentrates and inertinite concentrates of
Bayswater seam coal (N.S.W., Australia), and the respective features of liquefaction
reaction were clarified and a comparative investigation was made between the two.

Experimental

The samples used in the experiments were vitrinite concentrates and inertinite
concentrates hand picked from Bayswater seam coal of high volatile bituminous rank.
The petrographic, proximate and ultimate analyses of the hand-picked samples are
given in Table 1. In the experiments we used a batch type autoclave with an inner-
volume of 500 cc as the hydrogenation apparatus. In the once experiment, we
inserted 10 g of dry sample coal, 1 g of red mud catalyst, 0.1 g sulfur promoter
together with 10 steel balls for agitation, and the hydrogenation reaction was
conducted under an initial hydrogen pressure of 100 kg/cm¢ at reaction temperatures
of 400°C and 450°C respectively and by changing the reaction time from 0-150 minutes.
In the case where vehicle oil was used, we applied decrystalized anthracene oil.

Among the reaction products, the gas was dealt with gas chromatography and the
composition thereof was measured. Regarding the liquid and solid products, using
n-hexane, benzene were fractionated into 0il-1(071), 0i1-2(0;), asphaltene(A), and
organic benzene insolubles (0.B.I}. The conversion was calculated from total pro
product(gas+01+0p+A). In addition 0.B.I. was subjected to extracting tgsts using
pyridine. The details of the above are as seen in our previous report8).

Results and discussion

In Fig. 1 is shown the changes by reaction time of the yield of each fraction
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of hydrogenation products of vitrinite and those of inertinite are shown in Fig. 2.

Even at a reaction temperature of 400°C the reaction of vitrinite proceeds and
the conversion increases with the reaction time however the conversion of inertinite
does not exceed 15% or thereabouts. However, in the case where vehicle 0il is added
to inertinite, even under identical reaction conditions the conversion increases
markedly to 45% or thereaboute.

When this vehicle 0il is used, this con;srsion is attained by the nominal
reaction time zero. From the previous paper®/, it may be considered that the coal
hydrogenation reaction with vehicle 0il proceeds by the chemical reaction controlling.
Therefore, it may be understood that the initial stage reaction rate of inertinite

is very fast. However, thereafter ever what the reaction time is increased, no
increase in the conversion was recognized, and it is surmized that the portion which
can react under certain given conditions is restricted. Whereas the equilibrium
conversion is higher than 400°C a similar tendency is seen when the reaction
temperature is 450°C. This point is that which differs from vitrinite in which a
gradual increase is seen with the increase in reaction time. However, when the
distribution of reaction products in viewed, the distribution of gas, oil and
asphaltene in both cases is relatively similar.

Further, hydrogen consumption of both cases in hydrogenation is as shown in
Table 2, it may be seen that in the case of inertinite approximately 2 fold values
are seen. The molecular weight of the reaction products of both cases are as seen
in Table 3. When the reaction temperature becomes 450°C, a relative fairly good
coincidence is seen between the vitrinite and inertinite, however when the reaction
temperature is 400°C, it may be noted that the reaction products from inertinite
show higher values. The H-NMR spectra of 0il-1 and 0i1-2 of inertinite at 400°C
are shown in Fig. 3; as may be seen an approximately similar pattern is recognized.
Similarily the H-NMR spectra of 0il-1 of inertinite at 150 minutes, 400°C, and oil-
1, 0il1-2 of vitrinite at 30 minites, 400°C as shown in Fig. 4 show a similar pattern.

Thus from the above, it may be surmized that product from the liquefaction of
the main parts of both sample coal have a relatively similar composition.

Conclusion

1)  The reaction rate of vitrinite shows a gradual increase with the reaction time,
however in the case of inertinite, the reaction does not proceed beyond a given
value. This given value shows an increase with the rise in reaction temperature
and the reaction rate is fast up till the time that this value is attained.

‘2) The hydrogen consumption is larger in inertinite.

3) It may be surmized that the liquefaction products from the main part of both
sample coal have a relatively similar composition.
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Table 1 Petrographic, Proximate and

Ultimate Analysis of Bayswater Seam Coal

Maceral §na1ysis Proximate analysis Ultimat?%?nalysis
%
Y] Q
+- -l: @ @ Q 2
Sample e 3T ¥= 5 gy c C H N S O
e EE 5 _ 58 %3
P - O Ewn wn — = — - x =
- X = L3 = [=] %) [=1K.-] = g
= W E N = < > E w o
Vitrinite
concentrate 99 0.5 0.5 tr tr 3.4 1.6 32.9 62.1 83.0 5.3 2.0 0.5 9.2
Inertinite
concentrate 0.5 5 4 90 0.5 4.5 16.2 20.8 58.5 85.0 4.1 1.9 0.3 8.7

Table 2 Hydrogen consumption of vitrinite and inertinite hydrogenation

R.T Rt Hy consumption

Sample °C min, wt % of coal wt % of coal/conversion

Vitrinite 400 0 0.75 * e x102
" " 30 1.24 5.6 "
" " 60 3.42 7.0 "
" " 90 2.95 4.5 "
" " 120 3.52 4.9 "
" M 150 4,22 5.4 "
" 425 60 4.84 6.9 "
" 450 0 1.37 2.7 "
" " 30 4.20 5.4 "
u " 60 5.40 6.1 "

Inertinite 400 0 2.05 1.8 x 107
" M 30 2.64 1.6 "
" " 60 1.39 1.4 "
" N 150 2.95 2.5 "
" 410 60 1.30 1.3 "
" 425 60 2.80 1.4 "
" 435 60 2.23 0.6 "
" 450 0 1.38 1.1 "
" " 30 1.67 4.9 "
" N 60 5.05 0.9 "
i " 90 4- 72 0-9 n
" M 120 4.99 0.9 "
n N 150 5.86 1.0 "




Table 3 Moleculer weight of inertinite and vitrinite hydrogenation product

R.T Rt Product

Raw Sample °C min. 0il-1 0i1-2 Asphaltene

Vitrinite 400 0 340 500 -
" " 30 - - 680
" " 60 320 450 660
" " 90 300 360 700
" u 120 - 420 760
" " 150 420 530 770
" 425 60 290 450 750
" 450 0 340 460 580
" N 30 280 480 800
" " 60 300 370 850

Inertinite 400 0 490 460 470
" " 30 470 500 520
" M 60 420 530 530
" n 150 400 580 -
" 410 60 440 550 630
n 425 60 340 440 580
" 435 60 - 370 620
N 450 0 370 630 590
" " 30 350 420 590
u " 60 340 510 830
" " 90 350 370 650
u " 120 350 440 690
" " 150 320 420 690
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STRUCTURAL ANALYSIS OF COALS AND COAL DERIVATIVES USING
REFERENCE POLYMERS AND THE C-H-O TERNARY DIAGRAM

J.F. Stephens

CSIRO Fuel Geoscience Unit
North Ryde, N.S.W., Australia 2113

INTRODUCTION

The C-H-O ternary diagram is a most effective tool for dealing with the complexities
of the chemical structure and reactivity of coals and coal derivatives. Three papers
submitted recently discuss the geochemistry of coals(l), the structure of coals(2)
and an overview of the conversion of brown coal to 0i11(3) with its aid. Previously
there has been only limited use of the ternary diagram in coal chemistry(4,5) except
in the form of the van Krevelen H/C vs O/C diagram(6) which is a simplified version
of the C-H-O ternary diagram.

The full C-H-O ternary diagram has been found to offer a clearer and more quantitative
approach to problems in coal chemistry than the van Krevelen diagram. It has been of
particular value in conceptualizing model molecules of coals and coal derivatives.
In the theoretical approach described here these model molecules are in essence
'hybrid polymers' assembled from a wide range of reference polymers which report in
the same general area of the C-H-O ternary diagram as coals(2). The reference
polymers are based upon the structures of benzene, naphthalene, anthracene
(phenanthrene), pyrene and dibenzanthracene as representative of the likely
benzenoid structures in coal. These aromatic structures have been modified by a
variety of substituents such as aliphatic chains of various lengths and hydroxyl
groups as well as ortho-attached alicyclics, furan and cyclopentadiene, and the
monomer structures have been linked together either directly or via ether or
carbonyl groups. Varying degrees of polymerization, from the dimer to the infinite
polymer of these structures, were plotted on C-H-O ternary diagrams as shown in
Figure 1, where, as an example, the disposition within a segment of the C-H-0
ternary diagram of reference polymers incorporating the furan structure is shown.
Each inverted triangle, such as JKL, indicates the distribution of a family of
polymers with the same substituent/s on each monomer unit. From right to left in
Figure 1 the substituents associated with each triangle are: none, methyl, alicyclic
ring plus hydroxyl, alicyclic ring and lastly hexyl aliphatic chain. The relative
positiong of the individuals in each family are the same within their respective
triangles as illustrated in greater detail for the unsubstituted family of the
triangle JKL on the right of Figure 1. The simplest individual in the family, the
dimer of furan, reports at the left hand end of the baseline (J) while the infinite
polymer of furan reports at the right hand end (K), with polymers of intermediate
degree reporting at points along the baseline, the distance between them getting
smaller with each increase in degree of polymerization. The lines within the
triangle give the locations of the corresponding polymers incorporating benzene,
naphthalene, anthracene (phenanthrene) and dibenzanthracene, each group occupying a
1line further and further removed from the base of the triangle. The polymers
incorporating pyrene report on a line to the right of the triangle. The data given
in Figure 1 also do duty for the corresponding thiophen structures, the difficulty
of the presence of nitrogen and sulphur in coal composition being overcome by
replacing them with their valence equivalents, C+H for N and O for S.

The 'law of levers' is used to assemble model coal molecules(l,7). This ‘law’ is
the formal expression of the observation that when two or more substances are
compounded together then the product has a composition that is intermediate to those
of the contributing substances. Moreover the composition of the product is closer
to that of the major contributor than to that of any of the others. Thus as it
applies here: the total product of compounding together any quantities of any
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numbers of members of a ternary system lies at the centre of gravity of their
distribution on the ternary diagram. This also holds in reverse, for the
decomposition of a member of a ternary system into its constituent parts.

The simplest example of the 'law of levers' is the compounding of two substances
D and E into a product F in the C-H-0 termary system. This is expressed as

follows,
C C C
alH] +(l-a) { H ={H
[ 0 0

D and E lie at the end of a line given unit length in the termary diagram; F, the
product of their compounding, lies on the line between them at the fractional
distance o from E and (l-a) from D. If F lies close to E then a is small and D
makes only a small contribution to the composition of F while E makes a correspond-
ingly larger contribution.

In this communication the 'law of levers' 1s used both notionally and by way of
calculation in the application of the C-H-0 ternary diagram and reference polymers
to three aspects of coal science and technology.

THE CHEMICAL AND STRUCTURAL MATURATION OF AUSTRALIAN VITRINITES

It has been found that concentrates of Australian vitrinites cluster into three
major compositional groups labelled x, y and 2z in order of increasing maturity(l).
Model structures x', y', y" and z' with compositions corresponding to the median
values of each of these groups were assembled by linking together reference polymers
in linear assemblies, it being assumed that the required molecular masses were
infinite.

The application of these procedures led to each model coal structure having its
maximum or close-to maximum possible aromatic character. These model structures are
presented as lists of relative proportions of structural components per 1000 carbon
atoms in Table 1. Their ternary coordinates and the coordinates of the median
compositions of the corresponding cluster of vitrinites are also listed.

Structures y' and y" were assembled to demonstrate the effect on aromaticity

of changing proportions of alicyclic to aliphatic structures.

The compositions of the models were expressed as molecular formulae, each containing
1000 carbon atoms. The ternary diagram and the 'law of levers' were then used to
establish the reactions of Equations 1 to 3 by which coal of composition x could
mature to y and then to z, forming the new structures y'"' and z" from x'.

C1000H908092 0.973(C1000H790078)+16.lH20+26.8CH4 1)
%! ym

C1000H790078 0.965(C1000H731039)+31.8H20+7.3C0 2)
g Z"

C1000H790078 -+ 0.969(C1000H731039)+30.4H20+4.0C02 3)
"

y

The elimination of methane and water in these reactions leads to an increase in
bonding in the residues so that the formation of y'" proceeds via the introduction
of 43 new bonds into the residue of x' while further maturation to z" requires the
formation of a further 30 to 33 bonds. The structure x' contains 69 linearly linked
substructures per 1000 carbon atoms so that each of the substructures of x' forms on
average 1.25 new bonds on changing to y™, increasing to 2.12 to 2.17 on changing

to z".

348



X-ray diffraction studies of coals by Cartz and Hirsch(8) and by Hirsch(9) suggest
that there is only a slow increase in aromatic character in the bituminous coal range
until the rank of ~89% carbon is attained when a comparatively abrupt change in
molecular structure, including a rapid increase in aromatic character, occurs.

Coupling this X~ray diffraction data with the above structure modelling based solely
on compositional data suggests

(a) that the substructures in bituminous vitrinite molecules consist principally of
two or three-ring aromatic structures often including furan or cyclopentadiene
moieties, and

(b) that in high rank bituminous vitrinites each substructure can be bonded on
average to as many as four other neighboring substructures.

COAL HYDROGENATION

The Australian Coal Industry Research Laboratories have surveyed the hydrogenation
potential of a wide range of Australian coals in recent years using a batch autoclave
procedure(10). Their work can be divided into two parts, an initial swmall program
in which carbon black feed stock oil was used as the hydrogenation vehicle and a
second larger program in which tetralin was the vehicle. The essential differences
between these two programs can be seen in Figure 2 where the positions of the average
atomic compositions of the feed coals, the vehicles and the products of both series
of experiments are plotted.

The first program was characterized by the use of some high rank feed coals and
probably a limited transfer of hydrogen to the coals via the carbon black feed stock
oil. Indeed application of the 'law of levers' to the relative dispositions of the
reaction components on the ternary diagram suggests strongly that redistribution of
the hydrogen already in the coals was a most significant aspect of the reactions.
Thus both the insoluble residues and the distillation residues are significantly
depleted in hydrogen relative to the feed coals while the hydrogen enriched fraction
of the coals, the oil and the recovered solvent, probably also enriched in hydrogen,
could not be separated by distillation.

In the second program, in which tetralin was employed as the vehicle, all reaction
products except the insoluble matter contained more hydrogen and less oxygen than the
feed coals. The tetralin vehicle was also recovered at the end of these reactions
with only slight changes to its composition. While a significant proportion of the
hydrogen consumed in these reactions was lost in by-product molecules such as water
and methane, another substantial proportion contributed to the formation of the

coal extracts. As can be seen by further application of the 'law of levers' to
Figure 2 most of this hydrogen formed part of the 42 atomic percent of the coal
extract which in the average case distilled as oil, leaving a distillation residue
only marginally enriched in hydrogen with respect to the parent coal.

This analysis highlights the role that the vehicle plays in reactions designed to
obtain liquid fuels from coals.

ASPECTS OF THE SUPERCRITICAL-GAS EXTRACTION OF A COAL

Bartle, Martin and Williams(l1l) have examined the chemical nature of a supercritical-
gas (toluene) extract of a low rank coal (~83% carbon) from the Markham Main seam,
United Kingdom. The extract was obtained at the Coal Research Establishment of the
British National Coal Board. This work is significant for the insight it permits
into the structure of coal as well as for the opportunity it opens up of liquefying
coal under mild conditions.

The extract, which constituted 17% of the original coal, was first fractionated by
solution and chromatographic techniques. The fractions were then characterized by
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elemental and functional group analysis, 1y nmr spectroscopy and isopiestic molecular
welght determinations. These data were supplemented by 13¢ nmr, mass and ir
spectroscopy. Within the frameworks of empirical formulae provided by the elemental
analysis and the molecular weight determinations, the lH nmr spectroscopy data were
used to generate structural models for the various fractions of the extract. The

method of model building used by Bartle
ally on nine factors (derived from the
here. These are

1) A1kC - the number of aliphatic and alicyclic carbon atoms in a structure.

ii) RJ(CHy) - the number of ring joining CH; groups in a structure.

ii1) Cg - the number of aromatic ring carbons in the 'average equivalent hydrocarbon'
(aeh) corresponding to a structure.

iv) Cj - the number of ring joining carbons in the aeh,

v) Hp - the number of hydrogen atoms in the unsubstituted nucleus of the aeh.
Complete understanding of the meaning of these definitions requires reference to the
work of Bartle, Martin and Williams(ll) and to that of Bartle and Smith(12,13) who
originated much of this technique when studying the structure of tars.

Martin and Williaws(11l) was based princip-
H nomr data) of which five are referred to

i

In the present study these factors were divided by E, the number of carbon atoms in
the formula of the structure in question. This enabled ready comparison of the
factors between structures of different composition, organization and size.

The factors Cg, C; and Hp were used by Bartle, Martin and Williams(ll) to definme
aromatic nuclei for their model structures. This was achieved by using a three
dimensional rectangular graph on which these three factors for the various fractions
of the extracts were compared with those for a wide range of representative aromatic
hydrocarbon types. The representative aromatic hydrocarbon type selected by this
comparison was then made into a complete model structure by the addition of other
structural details defined by the other factors. Two aspects of this work have been
reexamined by the present author with the aid of the C-H-O ternary diagram. First
the composition of the various fractions of the extract are compared with those of
the macerals of the parent coal using the analytical data of Given, Peover and
Wyss(14). Second, new model structures are suggested for the largest fraction of
the extract, Band Al.

Origins of Fractions of Extract

In Figure 3 the four fractions known as Bands A, B, A; and B;, which constitute
over 80% of the extract, are shown to cluster around the position of exinite while
the remainder of the extract, the benzene insoluble fraction, reports near the
position of the vitrinite. In fact the weighted mean composition of Bands A, B, A
and B) reports at almost the same position as that of the exinite, the two sets of
C-H~0 ternary coordinates being 0.46759, 0.49686, 0.03555 and 0.46728, 0.49837 and
0.03435 respectively. This close match may be somewhat fortuitous as the petro-
graphic purity of the exinite used for elemental analysis was given as 88%. Never-
theless, it is very probable that the greater part of the supercritical-gas extract
came from the exinite of the parent coal.

The benzene insoluble fraction lies on the line joining the position of the vitrinite
to that of the benzyl radical CgH5CH,* (0.500,0.500,0.0), suggesting strongly that
this fraction was derived from the v1trinite by reaction with benzyl radicals from
the toluene solvent. Application of the 'law of levers' gives a 13.5 atomic percent
benzyl contribution to the composition of the benzene insoluble fraction, that is
~2.2 atomic % of the whole extract. While Bartle, Martin and Williams expressed the
opinion that the extract was formed from the coal by mild pyrolysis during the super-
critical-gas extraction process, they also reported the formation of a minor amount
of bibenzyl which they attributed to some pyrolysis of the toluene used as solvent.
In these circumstances some reaction of the coal with the hydrogen and benzyl
radicals from the toluene must occur. The minor amount of hydrogen released may well
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have played a significant but as yet unidentified role in the process, just as the
benzyl radicals apparently did.

The Chemical Structure of Band Aj Fraction

The factors derived from lH nmr data by Bartle, Martin and Williams(ll) provide a
close specification of molecular structure, particularly when combined with composi-
tional and molecular weight data.

The C-H-O ternary diagram and the reference polymers have been used to evaluate the
structure suggested for the average molecule of the Band Ay fraction by Bartle,
Martin and Williams as well as to suggest other structures that meet the specific-
ations either alone or in mixtures with other structures.

The procedure used by the present author to assemble the model structures from the
reference polymers depended on knowing the distribution of the reference polymers
on the C-H-O ternary diagram and the use of the 'law of levers' for guidance in
choosing combinations likely to have the right composition. In order that the
somewhat indefinite molecular weight specifications were met, the model molecules
were assembled mainly from halves of reference dimers though, in a few cases, the
model molecules were assembled from thirds of trimers. On several occasions, when
the compositions of the model molecules so assembled were not quite as required,
minor structural changes such as the addition or subtraction of substitutional
groups (e.g. -CHy- and ~0-) were made so that compositional requirements were met.
Once a model molecule had been assembled, its five structural factors AlkC, RJ(CHj),
Cr, C; and Hp were compared with the experimental values for the Band A) fraction.
On some occasions the model molecules were rearranged in attempts to improve the
agreement between the calculated and experimental values. This, however, was never
a straightforward matter as the factors are not independent but are related in a
complex manner. After some initial exploration four satisfactory results were
obtained quite rapidly, two being individual model molecules and the two others
being groups of four different model molecules with satisfactory average factors.
The structures of these model molecules are given in Figures 4 and 5 and their
compliance with the experimentally determined values of the factors are indicated
by the error bar graphs in Figure 6. These model molecules satisfy the constraints
as well, and probably better than,the model molecule proposed by Bartle, Martin and
Williams, particularly with respect to composition. A moderate change in the
structure, namely the replacement of four alicyclic carbon atoms and their hydrogens

. with four aliphatic carbon atoms and their hydrogens virtually eliminates this
comparatively small compositional defect in the Bartle, Martin and Williams model
molecule, a simplified version of which appears in Figure 5.

All the model molecules have a certain general similarity confirming that the factors
derived from the !H nmr data coupled with compositional and molecular weight data
can only arise from a narrow range of molecular structures. Improvement in molecular
weight determinations would appear to be the major need for further restricting

and thus improving the choice of structures. The structural features of these model
molecules are most easily appreciated by inspection of those labelled M and N in
Figure 5. These were formed by 'averaging' the previously formed model molecules.
Both M and N are needed as the 'average' includes only half of an alicyclic ring.

Two features stand out. First, the dominance of aliphatic over alicyclic components
in the non-aromatic part of the structures. Second, the extended nature of the
aromatic cores of the molecules which, however, would probably yield derivatives of
mainly naphthalene and benzene on degradation because they incorporate pentacyclic
structures.

The aliphatic portionsof all the model molecules are shown in Figures 4 and 5 as

single chains for convenience only. Their real distribution would be quite
diverse(ll) and could well extend to cross-linking. This could occur either
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between otherwise unattached aromatic sub-structures or within a single structure,

taking a partly alicyclic form incorporating some other number of carbon atoms than
the usual five or six. Either of these possibilities would probably require a
simplification of the aromatic portion of the structure, such as the opening of a
pentacyclic ring, for the maintenance of the structural factors near the required
values.

CONCLUDING REMARKS

The C-H-0 ternary diagram has been shown previously to provide most useful insights
into the chemistry of fossil fuels. Here it has been employed in conjunction with a
series of reference polymers to generate information on the structural aspects of
both coal maturation and the derivation of liquid fuels from coal.

The use of the C-H-O0 ternary diagram with the reference polymers provides a planar
system of analysis which reduces the need for the three dimensional rectangular
system used by Bartle, Martin and Williams(ll) to interpret the structural factors
derived from their lg nmr data. It is both easy and useful to work out the
structural factors as each model molecule of correct composition is formed. Often
the results indicate the changes needed to a trial model to produce a better one.
Alternatively the results may indicate plainly that particular types of trial models
cannot be improved. The molecular structures suggested both in this communication
and by Bartle, Martin and Williams are remarkably specific. They should be accepted
with a modicum of caution as no allowance has been made for the normal uncertainty
of compositional data or for some assumptions made of necessity by Bartle, Martin
and Williams in the interpretation of their !H nmr data.
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Proportions of Structural Features Constituting Cyggg Linearly

Table 1

Linked Model Coal Molecules Together with Their Ternary
Coordinates and Those of the Median Coals Aimed At

Structural features

v "

X y y z
benzene 27.3 13.5 15.7 0
naphthalene 30.3 18.9 23.6 0
anthracene 6.1 18.9 18.3 6.4
dibenzanthracene 3.0 8.1 7.9 32.1
cyclopentadiene 12.1 8.1 10.5 9.6
furan 9.1 10.8 10.5 9.6
aliphatic - CH, 142.4 56.8 162.3 118.6
alicyclic - CH2 157.6 162.2 0 25.6
-0-as hydroxyl and ether 48.5 46.0 41.9 16.0
>C = 0 groups 27.3 21.6 26.2 12.8
quinone oxygens 6.1 0 0 0

Coordinates
Model coal molecule
c 0.50000 0.53546 0.53501 0.56522
H 0.45455 0.42258 0.42297 0.41304
0 0.04545 0.04197 0.04202 0.02174
Median coal
c 0.50000 0.53500 0.53500 0.56500
H 0.45400 0.42300 0.42300 0.41300
0 0.04600 0.04200 0.04200 0.02200
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Figure 1. The distribution of the furan-containing reference polymers
on a segment of the C-H-0 ternary diagram. C, H and O values given as

atomic fractions.
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Figure 2. ACIRL coal hydrogenation results. 4, components

in tetralin experiments; @, components in carbon black feed

stock experiments; CF, coalfeed; S, solvent; RS, recovered

solvent; CE, coal extract; OL, oil; DR,distillation residue;
R, insoluble residue.
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Figure 3. Super critical-gas extraction of coal., Locations
of Bands A, B, A, B). I, benzene insolubles; R, benzyl
radical; E, Markham Main exinite; V, Markham Main vitrinite,
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THE INTERACTIONS OF GASES WITH COAL: STRUCTURAL INFERENCES*
E. L. Fuller, Jn

Chemistry Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

Current and proposed efficient uses of coal involve the interaction of fluid
phases with coal or coal chars. This study deals with the mode of interaction of
gases with coal from the standpoint of analyses related to the structure of coal and
implications pertinent to mechanisms of fluid phase reactidéns. "Coal 1is an amorphous
substance and it is difficult to define its structure.... The fundamental chemistry
of coal liquefaction will probably remain poorly understood until coal structure is
better defined.'" (1) There is considerable effort to define thils structure in terms
of internal surface area and microporosity in studies of vapor (2) (3) (4) and
liquid (5) interactions. Microgravimetric sorption equipment and techniques (6) have
been used to elaborate the thermodynamics and kinetics described in this text. The
coal, high-volatile A-bituminous Illinois No. 6, was obtained at the mine face and
stored in argon prior to grinding (< 200 mesh) in argon.

Sorption-desorption isotherms are given in Figures 1-3 for (a) N [classical
vapor for surface area determinations],(7) (b) CO7 [often suggested as a means of
determining the "effective area' of coal}l,(2) and (c) Hp0 [of interest because of its
inherent content in coal and its potential use as a reactant at elevated temperatures].
Classical BET (7) analyses of the data indicate a marked disparity in the apparent
specific surface area of this coal: 2.8, 128, and 68.2 m2/gm for N3, CO2, and H20
respectively. (The N value is consistent with the predominant 1-10 pm size distri-
bution observed microscopically.) These values vary markedly and seem to be "dominated
by dipolar and London forces" as noted in related studies. (5)

Alternate analyses of the isotherms can be performed in terms of the sorption
potential: e = - RT %n P/Py, (Polyani, circa 1914).(8) Various relationships between
this quantity and the sorbate concentration, I', have been used.(8)

In terms of the chemical (9) and physical structure (10) of coal [polynuclear
aromatic rings with methylenic linkages with numerous polar functional groups, oriented
to some extent in parallel layers] one can readily envision the energetics of the
sorption process to follow a distribution of the type (11) (12) e = ¢° e 3T, 1If we
were to view the substrate as a ylelding "soft" electronic structure (extensive pi bond
network with the polar entities rather randomly distributed), we would anticipate con-
siderable energetic (electronic) perturbation by the sorption processes. Then a
distribution like that above would be expected to apply. Such a model 1s akin to the
image forces induced in the mobile electrons when sorption occurs on metals.(13)

Our experimental results follow the trends inherent in this model for each of the
gases. The data for water is shown in Figure 4. Many have attributed the variation
of sorption capacity to temperature effects on the diffusion rate by virtue of very
large activation energy for diffusion into the coal matrix.(l4) Our kinetic results
were not amenable to interpretation in terms of diffusion mechanisms. However good
adherence to a mass action second order (15) was noted. An example is given in
Figure 5 for one incremental pressure change employed in the construction of the
water isotherm. One should note that this data was obtained under isobariec, con-
trolled pressure, conditions (*0.0001 P,) for the time required to evaluate the
steady state condition at each chosen pressure. The technique and evaluation

*Research sponsored by the Office of Basic Energy Sciences, Division of Material
Sciences, U. S. Department of Energy under contract W-7405-eng-26 with the Union
Carbide Corporation.
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procedures are outlined elsewhere.(16) Carbon dioxide results were more complex and
indicated that there were two second order processes in play.

With such assurance that we are dealing with steady state conditions, based on
this kinetic continuity and accountability, we can confidently attribute the desorption
retention to structural changes induced in the coal matrix. This retention is totally
removed in vacuo [10-10 P,} albeit quite slowly [24+ hours]. Such behavior could
arise if trace amounts of a second vapor, i.e., H70 in N2, were adsorbed. We have
employed 99.9995% N; and have not noted the retention phenomena on rigid substrates
in this microgravimetric system. Many related systems show a similar retention where
there is a "change in 'structural' arrangement in the molecular network',(17)

We can gain further insight into the process in terms of the molecular proper-
ties of the sorbate molecules. If there are induced effects in the substrate, one
would anticipate the magnitude of the energy of interaction to be proportional to
energy arising from the intermolecular forces between two sorbate molecules in the gas

phase.(18) There is good correlation between the dispersion Qg azhy) and electro-
4

static (% ﬁ%) energies and the ¢° term inherently evaluated in our treatment of the
sorption isotherms in the form of Figure 4. The correlation is shown in Figure 6.

These results are to be contrasted with that predicted for sorption onto a rigid
("hard") electrostatic field (13) and noted experimentally as a first power relation (19)
in polarizability (a) and second power in dipole moment ().

In light of these studies and the marked swelling properties of coal, even on C0Oy
and CHy; sorption, (20) we must question the existence of a fixed definable pore struc-
ture and/or internal surface area of coal. Further analyses on this and coals of
varied rank are warranted. One would anticipate that the results might range from the
marked sorption swelling of cellulosic materials to the intercalation phenomena
noted for graphite.(17)

Acknowledgment: This work is the result of the diligent and concientious efforts of
the members of the Massachusetts Institute of Technology School of Chemical Engineer-
ing Practice, M. M. Alger, 0. K. Chow, M. Z. Khan, and S. M. Senkan.
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Coal Hydrogenation Char as Blending Agents for Coke Production

Ralph E. Wood and David M. Bodily

Department of Mining and Fuels Engineering
liniversity of Utah
Salt Lake City, Ut 84112

Metallurgical coke, necessary in the production of "hot metal" in the conven-
tional blast furnace, requires large quantities of coal with specific physical
properties. These coals are expensive because of their relative scarcity in
comparison with non- or marginally coking coal. For many years blast furnace
practice, the world over, has utilized minimum amounts of premium coals by blending
coals with diffe(?Tt properties to produce a mix that will give an acceptably strong
and porous coke. In some areas of the world, Japan for e{iTp1e, as many as 15
different coals may be blended to provide an acceptable mix. These coals are
purchased in Canada, Australia and the United States and only small gquantities of
Japanese coals are used because of their marginal coking quality. Practice in the
United States requires the use of minimum quantities of premium coals and maximum
use of marginally coking coals.

As an example of the U.S. situation, U.S. Steel's Geneva Works, near Provo,
Utah, uses a blend of three coals to produce coke with a stability factor (percentage
of the original coke remaining at a preselected screen size, following a fixed
tumbling sequence) that is known to be required for iron production with a fixed blast
furnace ore, limestone and coke feed. Captive coal from U.S. Steel's Geneva, Utah,
and Somerset, Colo., mines (nearly equivalent in coking properties) are blended with
20% to 30% of coal from the Mid-Continent Coal & Coke Co. mine at Coal Basin, Colo.
The Geneva and Somerset coals are high volatile bituminous in rank, with very low
fluidity (1-5 dial divisions per minute in a Grisler Plastometer) and only minimum
coking character as evidenced by a Free-Swelling Index of no more than 1. The Coal
Basin coal is a medium volatile bituminous material with plasticity of more than
20,000 dial divisions per minute and a Free-Swelling Index of 3 or 4.

The present study is a laboratory scale examination of the possibility of
using coal liquefaction char residues as a blending material with marginally coking
coals to enhance the desired properties of the resulting coke.

Experimental

Standard blends of U.S. Steel, Geneva, Utah, coal and Mid-Continent Coal & Coke
Co., Coal Basin coal were used as the base case for comparison with cokes produced
using Geneva coal with added amounts of residual ch?ri produced in the University
of Utah's entrained-flow coal liquefaction reactor.{3) Proximate and ultimate
analyses of the reference coals and the tested chars are shown in Table 1 and 2.
The hydrogenation reactor conditions, as well as pertinent information with respect
to the production of chars are included in Table 3. Properties of resultant cokes
tested were Free-Swelling Index, strength, CO2 burnoff rate and combustion tempera-
ture. Because only small quantities of char are available it was not possible to
make strength or stability tests at the scale ordinarily required. Free-Swelling
Index measurements W?T? made on coke buttons resulting from ASTM test D720 applied
to coals and blends. (4 Strength comparisons were made by measuring the pressure in
pounds required to break the coke buttons produced in ASTM test D720, a dead weight
gage was used for this measurement. Since this test was performed at such a small
scale the results can be considered to be qualitative in nature and large-scale tests
would be required for actudl extrapolation to blast furnace operation.

Carbon dioxide burnoff rates were measured by heating coke samples (1 gram) at
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900° € in a flowing stream of CO2 for 1 hour{5). Traces of oxygen were removed from
the gas by passing it over a bed of hot copper turnings. The combustion temperatures
were measured by heating a 1-gram coke sample in a stream of oxyge? 3nd noting the
temperature at which a sudden increase in temperature was observed 6).

For each of the measurements made, a series of 3 to 6 replicates were made in
an effort to improve the confidence in the final answer.

Results and Discussion N

The original impetus for this study followed observation that some coal lique-
faction chars show extreme swelling in the standard volatile matter test (ASTM Test
D-3175-77). Some of these chars swell sufficiently to fill the entire crucible and
thus indicate high fluidity in the plastic temperature zone. Figure 1 shows the Free-
Swelling Index (FSI) of a variety of residual coal hydrogenation liquefaction chars
as a function of the conversion level. These measurements were made with a single
starting coal, Clear Creek, Utah, from Island Creek Coal Co.'s Utah #2 mine. The
indication is that higher conversion leads to higher FSI numbers. Obviously, this
function must peak out and descend with very high conversion when the remaining organic
matter is insufficient to provide fluidity. However, in the 60- to 80%-conversion
range the FSI numbers approach those of acceptable blending coals.

Figure 2 shows the effect on FSI of blending Coal Basin coal and two different
chars with Geneva Coal. R-71 and R-85 chars were produced from the same starting
coal. R-71 represents a conversion of 75% of the coal matter to liquids and gases
while R-85 represents a conversion of 25%. The lower conversion char does not affect
the FSI while the high conversion char produces the same change in FSI and as does the
addition of the accepted blending coal. If FSI were the only criterion reguired for
blending material then R-71 would make a good substitute for Coal Basin coal in the
Geneva coke starting material.

In Figure 3 are shown the pressures required to break the coke buttons prepared
in the FSI tests. In this case the low conversion char (R-85) produces coke buttons
that are harder than those produced by the reference coal. The high conversion char
(R-71) produces coke buttons that are weaker. It is tempting to say that a high
conversion char should be added for increasing the plasticity of the blend and that
a low conversion char should be added for strength. However, these tests are yet to
be performed.

Table 4 contains the CO» burnoff rates of cokes produced at 70, 80 and 90% Gen-
eva coal concentration for the reference coal and the two chars. The low conversion
char approximates the standard blend in burnoff rate at 70% but is higher at 80 and
90%. The high conversion char is higher in burnoff rate at all concentrations.

Table 5 contains a similar comparison for combustion temperatures. At 70%
concentration of Geneva coal the standard additive is considerably better ( has a
higher combustion temperature). At 80 and 90% the Tow conversion char has no
advantage but the high conversion char is at least equal to the standard.additive.

Addition of a high conversion char such as R-71 would result in addition of
ash materials to the product coke. This is not desirable because of the additional
slag produced in the blast furnace as well as the additional heat required from the
coke to melt the slag produced by the ash. Considering the material of this study,
a 20%-addition of Coal Basin coal would increase the ash from 5.0 to 5.3%. A 20%-
addition of R-71 (22.1% ash) would increase this from 5.0 to 8.4%.

A formidable problem with the addition of these particular chars to coals for

production of metallurgical coke is that ZnCl; was used as a catalyst in the
hydrogenation-liquefaction procedure. Zinc is a very troublesome element
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if present in blast furnace feed materials. Its compounds are reduced in the hot
portion of the blast furnace, the metal is volatilized to the cooler portions

of the upper area of the furnace. It tends to condense as Zn0 and blocks small
passageways such that the flow of gases may be seriously restricted. The oxide
also tends to react chemically with Alp03 in the firebrick lining of the furnace.
This causes expansion and spalling of the brick surface. Chlorine is Tikewise aw
undesirable component of blast furnace materials because of its corrosive effects7)

The data of Table 6 show the effect of successive leaching steps on the zinc
content of the high conversion char (R-71). Seven leaches with HC1 will reduce
the ZnCl, equivalent concentration to 0.3% or 0.15% Zn. As a 20% component of
the coal blend this would constitute only 0.03% Zn and would be quite acceptable.

It is apparent that some coal Tiquefaction chars do possess physical and
chemical characteristics that would be desirable in coal blends used for the
production of metallurgical grade coke. These are fluidity, strength and combustion
temperature. The C02 burnoff rate was not improved by the addition of the chars
used in this study.
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Table 1. - Proximate analysis of coals and chars

% H20 % Ash % Volatile matter % Fixed carbon

Coal Basin, Colo. 1.1 6.5 24.0 68.4
Geneva, Utah 3.2 5.0 39.6 52.2
R-71 2.4 22.1 24.8 50.7
R-85 2.7 8.4 39.6 49.3
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TABLE 2. - Ultimate analysis of coals and chars

% C %H %N %S %0 % In
Coal Basin, Colorade 8.3 5.0 2.1 0.7 1.4 -
Geneva, Utah 72.0 5.0 1.7 .7 15.6 --
R-71 Clear Creek, Utah 49.2 3.7 1.8 .4 6.8 16.0
coal char
R-85 Clear Creek, Utah 72.8 5.4 1.8 .7 4.9 6.0
coal char

TABLE 3. - Hydrogenation conditions and product description for
Clear Creek, Utah coal chars used in this

study.

R-71 R-85
Coal sample weight, grams 852.3 626.6
Weight ZnC1, grams 57.1 41.6
Weight ash, “grams 90.6 59.8
Total sample, grams 1,000 728
Particle size, mesh -100+200 -200
Temperature, ° C 493 493
Pressure, H 1,800 psi 1,800 psi
Reactor 1ength, ft 66 86
Average residence time 50 sec 10 sec
% Solids (after toluene extraction) 24.3 74.1
% Liquids produced 71.9 19.4
% gases 3.8 6.5
% Conversion 75.7 25.9

TABLE 4. - C02 burnoff rate of coal-char blends

% Geneva coal 70 80 90
mg/g/min mg/g/min mg/g/min
Coal Basin Coal 3.25 4.33 5.00
R-85 2.97 5.75 6.31
R-71 4.70 4.80 8.67

TABLE 5. - Combustion temperatures of coal char

blends, ° C
% Geneva Coal 70 80 90
Coal Basin Coal 687 660 611
R-85 649 603 594
R-71 647 670 654
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TABLE 6. - Effect of Zn removal from char on FSI
Char R-71 16.0% ZnCl2 content

No. of Conc
HC1 Jeaches %ZnC]2 FSI

1

wo o

~Noorbswrn —
cCo—wunm—
(-001:0010\0\01
S poonoo,

* tach Teach 1 hour at boiling temperature {12 m HCI)
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The Initial Stage of Coal
Hydrogenation in the Presence of Catalysts

Ryoichi Yoshida* and David M. Bodily

Department of Mining and Fuels Engineering
University of Utah
Salt Lake City, Ut 84112

Introduction

Several factors are important in the deve]opmﬁftsz an hydrogenation process
for the economic conversion of coal to a liquid fuel.M*¢ These include a better
understanding of the structure of coal, the effective use of hydrogen and/or
alternate reducing gases and the development of cheaper or more active catalysts.

This paper is concerned with the initial stage of coal hydrogenation, where
the reactivity is greatly affected by the chemical structure ?harscteristics of the
coal and the conversion per unit of hydrogen consumed is h1'gh.3’4 Several catalysts
are studied and reactivity in an entrained-flow hngsogenation reactor and the
chemical structure of the products are determined.

Experimental

C]ear(CSeek, Utah, coal was hydrogenated in a short-residence, entrained-
flow reactor’®’ Zinc chloride, Co-Mo/A1203, presulfided red-mud and red-mud plus
sulfur were used as catalysts. The coal particle size was -100+200 mesh and the
catalyst ranged from 6.4% for InCly to 10.7% for the other catalysts. The coal was
also hydrogenated without catalyst. The temperature ranged from 400° C to 500° C
and the hydrogen pressure was held at 1,800 psi. Residence time (8-372 sec) was
varied by choice of the tube length (12-36 m). A typical analysis of Clear Creek,
Utah, coal is shown in Table 1.

Products were separated by stepwise extraction using hexane, toluene and
pyridine. The extraction scheme is shown in Figure 1.

Determination of C, H and N for each product was carried out by a micro
method using a Perkin-Elmer 240 CHN Analyzer. Proton NMR spectra were measured at
90 MHz and 300 MHz. Molecular weights were determined by vapor pressure osmometry
on Corona Wescan 117 Molecular Weight Apparatus.

Results and Discussion

The yields of hydrogenation products are shown in Table 2. Comparison of
the initial stage of hydrogenation for 8-12 sec at 500° C in the presence of differ-
ent catalysts and without catalyst shows conversions of about 20% for all samples. A
catalytic effect on conversion and product distribution is not apparent. This
indicates that at least 20% of Clear Creek, Utah, coal converts noncata]ytica]&y into
liquid and gas. This is similar to the results obtained on Japanese coals (6,7

In Figure 2 the effect of temperature and time at 500° C on conversion and pro-
duct distribution using ZnC1y catalyst is shown. The effect of temperature during
short residence times of 8 to 12 sec is not large. Conversions increase from 6% to
18% with the increase of temperature from 400° to 500° C. However, the effect of
time at 500° C is large. For example, conversions increase from 18% to 35% during
the period from 8 to 21 sec. The effect of reactor length on conversion at 500° C

* On leave fromte Government Industrial Development Laboratory, Hokkaido, Sapporo
Japan,
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is also shown in Figure 2, using ZnC1, catalyst the conversions increase from 18%
to 75% with an increase in reactor length from 12 m to 36 m. Using the other
catalysts and with no catalyst the conversions are merely ca.20% at 36 m reactor
length. This indicates that ZnCly is a very active catalyst in the initial stage
of hydrogenation.

These results suggest that in this reactor the reaction up to 500° C and 12
sec proceeds noncatalytically except when a very active catalyst is used. About 20%
of the coal takes part in the reaction. At 500° C and after 12 sec, the reaction
proceeds catalytically and is greatly affected by residence time.

In Figure 3 and 4 the results of ultimate analysis of each product are shown,
The H/C atomic ratio decreases with increasing conversion, especially up to 20% con-
version. The changes in liquid (0i1 + asphaltene -1) and asphaltene-11 are
remarkable. The 0,N,S/C atomic ratio increases with conversion up to 20% conversion,
and it is nearly constant in spite of the progress of conversion in the reaction
beyond 20% conversion. At about 20% conversion the H/C ratio of each product for
InC1, catalyst is Tower than for other catalysts. This suggests that InCl2 catalyzes
reactions which decrease the H/C ratio.

Comparison of a typical proton NMR spectra of liquid (oil+asphaltene-1)
measured at 90 MHz and 300 MHz shows two new b n?s in the aliphatic region at 1.5 ~
1.8 ppmand 2.0-2.1 ppm in the 300 MHz spectra'8) The hydrogen distribution of each
product was obtained from NMR spectra. Hydrogens bound to aromatic carbons, Ha, and
hydrogens bound to carbons o to aromatic rings, Ha , increase and the hydrogens
bound to aliphatic carbons 8 or further from aromatic rings, Ho, decrease with
increasing conversion.

Structural analysis was performed using the equation of Brown and Ladner(6’7’g?
Results of these calculations are shown in Figure 5. The carbon aromaticity, fa,
increases and the aromatic hydrogen-to-carbon ratio of the hypothetical unsubstituted
aromatic material, Hau/Ca, decreases with the increase of conversion. Up to 20%
conversion the changes in 1iquid (oil + asphaltene-1) and asphaltene-II are signifi-
cant. The main differences in the chemical structure between liquid (0il + asphal-
tene-I) and asphaltene-1I are the average number of aromatic rings in the unit
structure {Hau/Ca) and fa. At about 20% conversion the degree of substitution of
ring carbons, o, of each product using ZnCl, catalyst is lower, and fa is higher
than those obtained with the other catalysts. This suggests that InCl, catalyses
reactions which decrease ¢ and increase fa, e.g., dealkylation. This ability of
InCl2 may be related to the high activity in the initial stage of hydrogenation.

It is concluded that a continuous distribution exists in the structural units
of coal. The units taking part in the noncatalytic reaction up to about 20% conver-
sion are characterized by higher H/C ratio, lower 0,N,S/C ratio, higher content of [
aliphatic hydrogen (Ha + Ho), Tower fa and 1-2 aromatic rings. In the catalytic
reaction (greater than 20% conversion) the units taking part in the reaction are
characterized by lower H/C ratio, higher content of Ha, higher fa and larger number
of aromatic rings.
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Table 1. - Analysis of Clear Creek, Utah, coal
Proximate analysis (%)
Ultimate analysis (%, d.a.f.) Atomic ratio Moisture Ash Volatile Fixed
C H N 0(diff) H/C __ 0,N,S/C matter carbon
76.1 55 1.6 16.8 0.87 0.18 0.83 6.50 45.42 47.25

373



0702 0°08 0°€ AR 9 €l I's §°§ 6°¢ oL 9¢ 008 ON
L' ¢2 6" LL §'¢ €€ €91 S°L St £y 2l 9¢ 005 4ngns
sn|d pru-pay
6722 L"LL §°¢ (7 €°91 §'9 €°§ Sy 2l 9¢ 00§ pnu-paa
pPapLiLnsadd
2 6l 808 6'¢ 92 L€l L't €9 €€ ¢l 9¢ 00s OW~0)
4874 87492 0Ll O°LL 2°9% A S -1 v L ¢LE 9¢
L8l €18 €¢ 6°¢ ST €L 8t 8P 6'€ 8 174
G°GE S 19 0°8 S°¢ 0" 12 'Ll 6L 6" v L gl
L L1 £°28 L€ 02 0zl e vt A 8 2l 009
Pr§l 9" 18 §°¢ 2t L6 0'e  [°2 (1087 £l 9¢ 0st
2’9 8°€6 9'0 0°¢ 9t 9°0 €1 L1 £l 9¢ 00% ¢1uz
("3°e'pfy) sa[qnlosut 11-3u3] sey lerol [-9ud3 10 aseyd [€EED)) (- (J,) 1she3e)
UOLSJI3AUQY) auan| o) - eydsy - eydsy snoanby awL) y3bua| aqng ‘dum) ’
aNpLsay pLnbL]

(4P %) UoLINqia3sLp 3OMpoLd

UoL3eusbouapAy wouy s3onpouad jo pLatpA "z 3|qel

374



Powdered
coal

Hydrogenation by
entrained-flow reactor

]

Residue

Gas
(by diff.)

Liquid

Toluene extraction
by Soxhlet extractor

Phase
separation

Hexanes extraction
by Soxhlet extrator

Toluene
insolubles

Toluene Hexanes-
solubles insolubles
(Asphal- (Asphal-
tene 1I) tene I)
Pyridine extraction
at room temp.
1 1
Pyridine- Pyridine-
insolubles solubles
(Preasphal-
tene Ig

Pyridine extraction

Hexanes-
solubles
(0i1)

by Soxhlet extractor

Insoluble
residue

-

Pyridine-solubles
(Preasphaltene II)

Fig. 1 - Flow diagram of product separation
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